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In the reeling method for installing offshore pipelines, several miles of line are 
wound onto a large diameter drum onshore mounted on a vessel. The vessel travels to the 
installation site where the line is unwound gradually installing it to the sea floor. This 
process involves repeated excursions into the plastic strain range of 1-3%. This study 
examines three structural integrity issues that arise from the process. A full-scale 
numerical modeling scheme incorporating nonlinear kinematic hardening plasticity is 
developed for the reeling/unreeling process.  
The first issue studied is the degradation of the cross section of pipelines and its 
effect on the collapse pressure. To capture the ovalization induced and assess its impact 
on the structural performance of the pipeline in deeper waters, the complete 3-D finite 
element model and a simplified 2-D model are presented to simulate reeling/unreeling of 
up to three cycles and subsequent collapsing under external pressure. Comparison of the 
results of such simulations with experiments highlights when fully a 3-D model is 
required and when the simpler 2-D model is adequate for evaluating the structural 
performance of a reeled pipe. 
The second issue investigated is the discontinuity in pipelines. In order to show 
how discontinuities in geometry and mechanical properties can lead to buckling and 
failure, the 3-D numerical model is applied to simulate the reeling/unreeling of pipelines. 
 vii 
Discontinuities are shown to result in sharp local changes in accompanied by severe local 
straining and ovalization. These local effects can be reduced by increasing the applied 
tension at the expense of additional ovalization of the pipeline. 
The last part of the study examines the complication brought in by reeling pipes 
that exhibit Lüders bands. To simulate this process, the material is modeled by a stress–
strain response with a negative slope over the extent of the Lüders deformation. During 
reeling with some back tension, Lüders banding produces inclined bands of localized 
deformation organized in clusters with distinctly different spatial distribution than that of 
pure bending. As a consequence, the ovalization develops axial undulations. The 
influences of problem variables are examined in a detailed parametric study. 
 viii 
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Chapter 1: INTRODUCTION  
The installation of pipelines to the sea floor constitutes one of the most 
challenging offshore operations. Several pipe-lay processes have been developed each 
involving different types of large installation vessels whose operation requires 
sophisticated engineering technology and high cost. The high level of technology 
required and the cost of the vessels used have made pipelaying an engineering discipline 
on its own accord. The most commonly used installation methods include S-Lay, J-Lay 
and reeling (Kyriakides and Corona [2007]). This thesis develops some of the technology 
associated with the reeling pipeline installation method. 
The installation process involves winding several kilometers of linepipe onto a 
large diameter reel mounted on a sea going vessel. The vessel travels to the offshore 
installation site where the pipeline is gradually unwound and installed on the sea floor 
along a predetermined path. Having the pipes welded at the spooling base on land, the 
continuity of the pipe-laying process, and the resultant speed of installation make reeling 
more efficient and cost effective than the J- or S-lay methods. Thus, reeling installation is 
increasingly preferred for many pipeline, flowline, and riser projects that involve pipe 
diameters of 16 in or less (Kyriakides and Corona [2007]).  
As a consequence of significant increase in demand in the use of reeling, the 
reeling vessel fleet, which was born in the 1970s with the Chickasaw and Apache vessels 
(Kyriakides and Corona [2007]), has undergone a vast expansion with many larger, more 
powerful and versatile new vessels such as the Apache II, Deep Blue, Seven Oceans, 
Seven Navica, Deep Energy, Aegir and Seven Pacific. The reel vessels currently in use 
can install pipelines at speeds of up to two knots, which is significantly faster than the lay 
speeds of competing installation methods.  
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Winding a pipe of diameter D onto a reel radius ρ, as shown in Fig. 1.1a, results 
in a bending strain of  
   
ε =
D
(2ρ + D).        (1.1) 
For typical pipe and reel dimensions (1.1) implies strains of 1-3%, which are well into the 
plastic range of the material. Consequently, the pipeline must be designed against the 
possibility of buckling and collapse due to bending. The wall thickness and the 
mechanical properties of the pipe must be chosen such that local buckling by bending is 
avoided. The possibility of buckling is further reduced by applying some level of back 
tension during both the winding and unwinding of the pipe onto the reel (Kyriakides and 
Corona [2007]). 
 On unspooling, the line is first straightened and bent once more to a second radius 
on the ramp shown in Fig. 1.1b, before it is straightened again and reversed bent to end 
up at zero moment and curvature. Figure 1.1c schematically shows the bending moment-
curvature history experienced by one point in the line during the complete 
winding/unwinding process. The pipe is first wound onto the reel and plastically bent to 
curvature 1κ  (0-1). It is then unwound and straightened under applied back tension (1-
2), and overbent again to curvature 3κ  on the ramp (2-3). Following the overbend, the 
pipe is straightened again (3-4) and reverse bent in the straightener (4-5). Finally, it is 
unloaded (5-0) and ends up at approximately zero moment and curvature (Kyriakides and 
Corona [2007]). 
The combined tension and bending cycles introduce changes to the mechanical 
properties (e.g., Meissner et al. [2012], Tsuru et al. [2013], Liu et al. [2016]) and the 
cross sectional geometry of the pipe, which in turn affect its integrity and performance 
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during installation and operation (e.g., Kyriakides and Mok [1992], Dyau and Kyriakides 
[1992], Chatzopoulou et al. [2016], Kyriakides [2017]).  
The main objective of this study is to examine three structural integrity problems 
that arise from the reeling/unreeling process that lead to pipeline degradation and/or 
collapse. The problems are tackled using a large-scale three-dimensional numerical 
model for the reeling/unreeling process that is developed. The numerical modeling must 
address the geometric and contact nonlinearities associated with reeling. It is further 
complicated by challenging constitutive issues that arise from the loading/reverse loading 
histories and by Lüders banding that affects some line grade steels. 
1.1 EFFECTS OF REELING ON PIPE STRUCTURAL PERFORMANCE 
The first problem considered is the structural and material degradation suffered by 
a pipeline due to repeated reeling and unreeling cycles. Cyclic bending of a tube into the 
plastic range is known to result in progressive accumulation of ovalization of its cross-
section. Once a critical value of ovality is reached, the tube buckles. During each loading 
cycle, the ovality grows with curvature during the bending phase, and decreases during 
the unbending and reverse bending phase (Kyriakides and Shaw [1987] and Corona and 
Kyriakides [1991]). During the reeling/unreeling process outlined in the introduction, the 
pipe experiences repeated bending and straightening. Furthermore, while in contact with 
the surface of the reel the pipe undergoes a transverse force due to the applied back 
tension, which tends to aggravate the cross sectional distortion (Dyau and Kyriakides 
[1992] and Chapter 10 of Kyriakides and Corona [2007]). The reeling under tension 
experiments of Kyriakides and Mok [1992] (see also Kyriakides [2017]) demonstrated 
that the repeated plastic bending and reverse bending associated with reeling not only 
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progressively ovalizes the pipe but also elongates it. These geometric changes and the 
changes in mechanical properties cause a reduction in the collapse pressure.  
Chapter 3 studies the reeling induced degradation of a pipeline using custom 
numerical models of the reeling process. The problem involves geometric, material, and 
contact nonlinearities, and the additional complication of cyclic plasticity. The models are 
first evaluated by direct comparison to the experimental results of Kyriakides and Mok 
[1992]. They are subsequently used to study the problem parametrically.  
1.2 EFFECT OF GEOMETRIC AND MATERIAL DISCONTINUITIES ON THE REELING OF 
PIPELINES 
One of the potential limit states of the reeling installation process is bending-
induced local buckling (e.g., Ju and Kyriakides [1991, 1992], Kyriakides and Ju [1992], 
Crome [1999] and Corona et al. [2006]). This is avoided by appropriate choice of pipe 
diameter-to-thickness ratio (D/t) and back tension applied during spooling and 
unspooling (e.g., Brown et al. [2004], Smith et al. [2011]). Girth welds and the associated 
heat-affected zones tend to have somewhat different mechanical properties, which can 
induce severe local straining and deformation. Consequently, girth welds tend to receive 
special consideration (e.g., Ernst et al. [2007], Netto et al. [2008]). In addition, variation 
of the material yield stress along the length of a string of pipe, and variations among 
different strings often cause sharp discontinuities (see Bauer et al. [2002], Tsuru et al. 
[2012]). Furthermore, discontinuities in pipe wall thickness are common (Sriskandarajah 
et al. [2011]). When pipes with such discontinuities are reeled, localized bending, 
ovalization and straining that develop in the vicinity of discontinuities can lead to local 
buckling and rupture (Brown et al. [2004]; Denniel et al. [2009] Smith et al. [2011], Liu 
and Kyriakides [2014]). An example of such a local buckle during the reeling process is 
shown in Fig. 1.2. A 12-inch pipe with D/t = 21.25 with a thickness discontinuity of 
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12.5% is wound on to a reel with radius of about 25D. During winding the discontinuity 
caused locally excessive plastic deformation and ovalization, but the pipe remained 
intact. However, it developed a sharp local buckle during unwinding and straightening. 
The extent of damage is such that the pipe could fracture and separate in two with very 
severe consequences. 
A study that examines the local effects of discontinuities in pipe geometry and 
mechanical properties and the potential of buckling and failure is presented in Chapter 4. 
The problem is studied using a large-scale finite element framework similar to that 
developed in Chapter 3, which captures the effects of reeling and unreeling in the 
neighborhood of yield stress and thickness discontinuities.   
1.3 REELING OF PIPE WITH LÜDERS BANDS 
Plastic bending of tubes and pipes tends to ovalize the cross section, which 
reduces the bending rigidity and can lead to a limit load instability and collapse. 
Wrinkling on the compressed side is a second type of instability, which for higher D/t 
pipes leads to collapse by local kinking. The response and these limit states are further 
complicated when the steel exhibits Lüders banding following initial yielding. This is a 
dislocation driven material instability whose macroscopic effect is inhomogeneous 
deformation. In a series of pure bending experiments on tubes with Lüders bands, Hallai 
and Kyriakides [2011a] demonstrated that Lüders banding leads to localization of 
curvature that under “favorable” conditions can propagate until the whole structure is 
Lüders deformed; but under “unfavorable” conditions leads to premature local collapse. 
An example of such a local collapse is shown is Fig. 1.3 (from Hallai and Kyriakides 
[2011b]). A tube with a D/t = 24.26 and a Lüders strain of 2.55% is deformed under 
rotation-controlled pure bending. As the bending progresses, Lüders bands initiate from 
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the plane of symmetry on the left and get organized in diamond-shaped pockets. The 
Lüders deformed section bends to a higher curvature, which propagates to the right 
(images  to ). The propagation of the higher curvature is interrupted in image  due 
to excessive ovalization of the Lüders deformed section. In Image  the tube collapses in 
the neighborhood of the plane of symmetry. This behavior is caused by a complex 
interaction between the underlying material instability and structural nonlinearities of 
ovalization and wrinkling. It was further demonstrated that all aspects of the problem 
observed in experiments can be simulated numerically by modeling the material as an 
elastic–plastic solid with an “up-down-up” response over the extent of the Lüders strain, 
followed by hardening (Aguirre et al. [2004], Kyriakides et al. [2008], Hallai and 
Kyriakides [2011b]).  
The present study examines the effect of Lüders banding on a pipe that is 
plastically bent in a reeling operation. Unlike in the case of pure bending, the reeled pipe 
bends through a transition zone several diameters long until it conforms to the reel 
curvature. There exists significant variation of curvature through this transition zone, 
which is thought to make buckling and collapse less likely. Furthermore, the applied back 
tension and contact with the reel are thought to further stabilize the cross section. These 
effects are studied parametrically using a fully 3-D numerical model that simulates the 
reeling process using a similar constitutive model as that used in Hallai and Kyriakides 
[2011b].  
1.4 OUTLINE 
The present study develops a full-scale numerical model for the reeling/unreeling 
process that involves challenging constitutive issues. This thesis starts by introducing the 
nonlinear kinematic plasticity models adopted, described in Chapter 2.  
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Chapter 3 describes the first problem studied using this modeling framework: the 
degradation of the cross section of pipelines and its effect on the collapse pressure. The 
constitutive models presented in Chapter 2 are used to simulate reeling/unreeling of up to 
three cycles and subsequent collapsing under external pressure in a typical practical 
setting. 
Chapter 4 describes the second problem studied: reeling/unreeling of pipelines 
with discontinuities. The aim of the study is to show how discontinuities in geometry and 
mechanical properties can lead to buckling and failure. 
Chapter 5 describes the complication brought in by reeling pipes that exhibit 
Lüders bands.  
Chapter 6 contains a summary of the present study along with major conclusions. 
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(a) 
 
(b) 
 
(c) 
 
Figure 1.1 Schematics showing a typical reeling vessel configuration during: (a) spooling 
and (b) installation. (c) Moment-curvature history induced to a pipe section by the 
process. 
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Figure 1.2 Reeled pipeline that buckled during unwinding at a section with thickness discontinuity ( tt 125.0=∆ , 
oTT 025.0= ). 
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Fig. 1.3 Calculated results for a pipe with Lüders bands under pure bending: (a) 
comparison of measured and calculated moment-end-rotation response and (b) calculated 
deformed configurations (Hallai and Kyriakides [2011b]). 
 
  
(b) 
(a) 
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Chapter 2: CONSTITUTIVE MODELS 
The reeling installation process of offshore pipelines involves repeated plastic 
loading, unloading, and reverse loading. To simulate this behavior, nonlinear kinematic 
hardening plasticity models are adopted to represent the material behavior. The Chaboche 
nonlinear kinematic hardening model (Chaboche [1986]) is used for the 3-D finite 
element simulations and the two-surface Tseng-Lee [1983] model is used in a simpler 2-
D modeling scheme. The two constitutive models are outlined in this chapter together 
with and their calibration to cyclic stress-strain relationships for steel.  
2.1 CHABOCHE NONLINEAR KINEMATIC HARDENING MODEL [1986] 
The Chaboche [1986] nonlinear kinematic hardening model (see also Lemaitre 
and Chaboche [1990]) adopts a J2-type yield surface expressed as 
      (2.1) 
where  is the stress tensor, 
 
is the current center of the yield surface (or back 
stress), s and a are their respective deviators, and σo  is the size of yield surface. Plastic 
deformations obey the flow rule   
   ,     (2.2) 
where H is the plastic modulus, which for uniaxial loading is reduces to 
    
H = dσ
dε p
.        (2.3) 
The model is completed by incorporating a nonlinear kinematic hardening rule to the 
flow rule. The increment of deviatoric back stress tensor is represented by a superposition 
of several Armstrong-Frederic [1966] hardening rules as follows: 
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da = dai
i=1
M
∑ ,  ( i :1, N no sum),  (2.4) 
where Ci  are the initial kinematic hardening moduli and γi  determine the rate of 
decrease of the moduli as the material hardens. The plastic modulus for each hardening 
rule can be determined for the consistency condition to be: 
   Hi = Ci −
3
2
γia ⋅
s − a( )
σ o
.     (2.5) 
 
2.1.1 Calibration of the Chaboche Model  
The model is calibrated to a measured stress-strain response by choosing N pairs 
of material parameters, Ci  and γi , which correspond to N superposed hardening rules. 
The calibration will be demonstrated using a stainless-steel 304 stress-strain response 
used in Chapter 3 (Armstrong-Frederic [1966], Bari and Hassan [2000], Chaboche 
[1986]). For a uniaxial stress-state, Eq. (2.5) reduces to 
Hi =
dα11
dε11
p
= Ci −γiα11sig(σ11 −α11),   (2.6) 
where 11α  and 11σ  are the back stress and stress components in the loading direction 
respectively and dε11
p
 is the plastic strain increment. Integrating (2.6) produces the 
following exponential relationship between stress and plastic strain 
α11 =
Ci
γi
1− e−γiε11
p




.      (2.7) 
Thus, γi  governs the rate of decay of the response and α11 = Ci / γi  is the stress at 
relatively large values of strain. 
 Figure 2.1 shows an example construction of the plastic part of a hardening stress-
strain response using N = 3. The first hardening rule starts with a very large plastic 
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modulus and stabilizes very quickly as shown in the figure, which means having larger 
C1  and γ1. The second rule captures the transient nonlinear portion of the response, and 
thus C2  and γ2  have intermediate values. The third rule has a linear hardening rule 
with γ3 = 0  representing the hardening at larger values of strains. The three sets of 
constants chosen are listed in Table 2.1 and the resultant stress-plastic strain plots are 
plotted in Fig. 2.1. 
Table 2.1 Material parameters for the Chaboche constitutive model. 
E  
Msi 
(GPa) 
σo
 
ksi 
(MPa) 
1C  
Msi 
(GPa) 
1γ  
 2C  
Msi 
(GPa) 
2γ  
3C  
Msi 
(GPa) 
3γ  
30.3 
(207) 
17.1 
(118) 
16.2 
(112) 2421 
6.76 
(46.6) 451.2 
0.428 
(2.95) 0 
 
2.1.2 Calibration to Measured Steel Stress-strain Responses 
 This process was used to calibrate the model to experimental uniaxial stress-strain 
responses of two steels used in Chapters 3 and 4. Here the material parameters are 
determined from a uniaxial stable hysteresis curve instead of the monotonic curve. Also, 
the third component has a non-zero 3γ  so that the calibration better captures the 
nonlinearity of the hardening. This requires a hysteresis loop of relatively high strain 
range, which in this case is 1-2%. The first material studied is X-60 line-grade steel. The 
material parameters are presented in Table 2.2. Figure 2.2 compares the calibrated 
monotonic and hysteresis responses generated for uniaxial loading to experimental 
results. The calibration is seen to fit the experimental results well. Included in the figure 
with a dashed line is the prediction of these responses using isotropic hardening. As 
expected, this model does not capture the Bauschinger effect well, which as will be 
demonstrated adversely influences the unreeling results. 
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Table 2.2 Material parameters for the Chaboche constitutive model of X-60. 
E  
Msi 
(GPa) 
σo
 
ksi 
(MPa) 
1C  
Msi 
(GPa) 
1γ  
2C  
Msi 
(GPa) 
2γ  
3C  
Msi 
(GPa) 
3γ  
30.0 
(207) 
53.7 
(370) 
1.058 
(7.29) 82.34 
1.692 
(11.7) 252.4 
3.509 
(24.2) 801.7 
 
The model was also calibrated to representative measured cyclic uniaxial stress-
strain responses of the two families of SS-304 tube materials used in the experiments 
described in Chapter 3 and the extracted parameters are listed in Table 2.3. Figure 2.3 
compares the measured response to that of the calibrated model for tubes with D/t = 15.5 
and 20. The initial monotonic response and the two unloading/reverse loading parts of the 
hysteresis loops are captured very well whereas the reloading section of the hysteresis is 
underpredicted to some extent. 
Table 2.3 Material parameters for the Chaboche constitutive model of SS-304. 
D
t
 
E  
Msi 
(GPa) 
σo
 
ksi 
(MPa) 
1C  
Msi 
(GPa) 
1γ  
2C  
Msi 
(GPa) 
2γ  
3C  
Msi 
(GPa) 
3γ  
20 30.3 
(209) 
30.6 
(211) 
20.87 
(143.9) 5325 
9.734 
(67.11) 1084 
3.496 
(24.10) 254.1 
15.5 28.4 
(196) 
28.8 
(199) 
0.834 
(5.75) 96.94 
12.31 
(84.87) 712.6 
110.2 
(759.8) 10910 
In addition to the kinematic effect, plastic straining causes an increase in the 
dislocation density and change of dislocation distribution, which can cause a change in 
the size of yield surface (Chaboche [1986]). To capture this phenomenon, the model 
allows for the yield surface size to evolve (isotropic hardening) as a function of the 
plastic strain. In the present calibration, this feature is used to capture the difference 
between the initial monotonic and hysteresis responses. This is accomplished by 
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providing a table of stress and plastic strain values on the monotonic response as shown 
in Table 2.4 for SS-304 steel used in Chapter 3. The yield surface starts with a larger 
value than that of the hysteresis response. As ε p  increases, the code adjusts the size of 
the yield surface. In this case the size in Eq. (2.1) decreases, until it matches that of the 
hysteresis; subsequently the yield surface stays constant. 
Table 2.4 Evolution of the yield surface size for Chaboche constitutive model of SS-304. 
20D
t
=
 
ε p  0 0.001 0.002 0.003 0.005 0.01 
σo
ksi 
(MPa) 
30.6 
(211) 
24.3 
(168) 
21.1 
(146) 
18.6 
(128) 
17.3 
(209) 
17.1 
(209) 
15.5D
t
=  
ε p  0 0.002 0.004 0.006 0.008 0.01 
σo
ksi 
(MPa) 
28.8 
(199) 
26.3 
(209) 
22.3 
(209) 
21.8 
(209) 
20.8 
(209) 
20.3 
(209) 
 
2.2 TSENG-LEE MODEL [1983] 
This is a non-linear kinematic hardening model with two surfaces: a yield surface 
and a memory surface that encloses the yield surface. The yield surface is given by 
       (2.8) 
where σo  represents its size. The memory, represented by 
        (2.9) 
is centered at the origin with its current size σ b  representing the maximum stress state 
in history. The memory surface grows isotropically any time the state of stress exceeds 
σ b . During the initial loading the flow rule is based on the memory surface and is given 
by 
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ijmnmn
p
ij
FdF
H
d
σ
σ
σ
ε
∂
∂






∂
∂
=
1
    (2.10) 
where    H =
dσ1
dε1
p  
is evaluated from the monotonic stress-strain response (oab in Fig. 2.4a). The yield 
surface stays attached to the memory at the current stress point. It detaches on the first 
reverse loading and subsequently the flow rule is based on the yield function as follows: 
   dεij
p
=
1
H
∂f
∂σ mn
dσ mn






∂f
∂σ ij
     (2.11) 
The yield surface translates according to 
    dαij = dµ(σ ij −σ ij )     (2.12) 
where  
    σ ij =
σb
σo
(σ ij −αij )     (2.13) 
as shown in Fig. 2.4b (Mroz [1967]). The plastic modulus, H, is now evaluated from 
   H (δ,δin ) = Emp 1+ h δδin −δ











    (2.14) 
where Em
p
 is the plastic modulus of the memory at σb  and δ  is a stress measure from 
the current plastic state to the memory surface, which in the uniaxial setting is 
represented by two horizontal lines located at the maximum stress level reached in 
history ±σ b . Similarly, δin  is the value of δ  at the last elastic state (see Fig. 2.4). h is 
a fit parameter of the monotonic (oab) or stable hysteresis response (bcde) determined 
as outlined in the Appendix. In the multiaxial setting, δ  is generalized as follows: 
        (2.15) 
 (see also Dafalias and Popov [1975,1976]). 
2.2.1 Calibration of Tseng-Lee Model (see Appendices C and F of Kyriakides and 
Corona [2007]) 
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The Tseng-Lee model is calibrated using the same uniaxial stress-strain data. The 
monotonic part of the response (oab in Fig. 2.4a) is fitted with the Ramburg-Osgood fit, 
which is a powerlaw relationship expressed as 
   
1
31
7
n
yE
σ σ
ε
σ
−  
 
= +  
  
   
               (2.16) 
where E , yσ  and n  are fit parameters that can be determined from a measured stress-
strain response. 
The material parameters for the basic hysteresis curve (bcde) are determined as 
follows: 
 cE  is the elastic modulus of the hysteresis curve. It is the slope of the unloading 
curve (bc). It is usually assumed to equal the elastic modulus of the loading curve, i.e. 
c mE E= . 
 ocσ  is the radius of the yield surface is calculated by identifying the elastic limit 
of the hysteresis curve (point c): 
   ( )1
2oc b c
σ σ σ= −
                (2.17) 
where bσ  and cσ  are the stresses corresponding to the points b and c on the response.  
h is a shape parameter representing the hardening characteristics of the hysteresis curve. 
It is calculated as follows: 
The slope, or plastic modulus, of the monotonic curve at point b is 
   
1
1 1p
m
m
E
E E
−
 
= − 
 
                (2.18) 
The stress at point b, σb , represents the current size of the memory surface.  
 The second memory line is constructed by drawing a horizontal line through point 
b, i.e. at stress σb . 
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The second memory line is constructed as the horizontal line bσ σ= − . 
 
δin  is evaluated as 
   in c bδ σ σ= +                       (2.19) 
Then choose a point on the unloading curve, point d, and evaluate δ  as follows 
   d bδ σ σ= +                       (2.20) 
where point d is chosen such that 
   0.1 0.5
in
δ
δ≤ ≤                 (2.21) 
The plastic strains corresponding to points c and d are evaluated as follows: 
   
p c
c c
CE
σ
ε ε= −   and p dc d
CE
σ
ε ε= −                    (2.22) 
where cε  and dε  are the strains at points c and d, respectively. 
h is evaluated by solving the following nonlinear equation 
  ( ) ( ) ( )2 1ln 1 11 pp pin inin m c dinh h Eh hhδ δ δδ δ ε εδ
  
−−
− − + = − −  
− 
−   
      (2.23) 
 The stress-strain parameters obtained by the procedures described above should 
be adjusted by trial and error until a satisfactory fit is obtained. Use the fit parameters as 
initial values and perform a numerical simulation of the experiment used for the 
calibration. Compare the numerical fit of the stress-strain response with the experimental 
one, and adjust the parameters (mainly h) until an optimum fit is obtained.  
 Instead of solving the nonlinear equation (Eq. (2.23)) in order to evaluate h, a 
good initial trial value for steels is 
   
40 60h≤ ≤ .       (2.24) 
Select a value for h and then improve it by trial and error.  
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Figure 2.5 shows an example of a calibration of this constitutive model to 
monotonic and hysteresis uniaxial stress-strain responses (same material as in Fig. 2.1). 
The corresponding model parameters are listed in Table 2.5. 
Table 2.5 Material parameters for the Tseng-Lee constitutive model. 
E  Msi 
(GPa) 
σ om  ksi 
(MPa) 
σ y
 
ksi 
(MPa) 
n  
σo
 
ksi 
(MPa) 
Ec  
Msi 
(GPa) 
σ oc  
ksi 
(MPa) 
h  
30.3 
(209) 
11.01 
(75.91) 
22.10 
(152.4) 5.5 
39.85 
(274.8) 
28.5 
(196) 
18.00 
(124.1) 50 
 
2.2.2 Calibrated Material Parameters of Pipeline Steels 
The Tseng-Lee [1983] model described above is incorporated in the code 
REELING to account for the Baushinger effect. The model is calibrated to the 
experimental cyclic stress-strain responses of the SS- 304 stainless steels used in Chapter 
3 using the calibration procedure outlined above. The model parameters for the materials 
for two tube families used in this study are listed in Table 2.6. The experimental and 
fitted stress-strain curves are shown in Fig. 2. 
Table 2.6 Material parameters for the Tseng-Lee constitutive model. 
D
t
 
E  Msi 
(GPa) 
σ om  
ksi 
(MPa) 
σ y
 
ksi 
(MPa) 
n  
σo
 
ksi 
(MPa) 
Ec  
Msi 
(GPa) 
σ oc  
ksi 
(MPa) 
h  
20 30.3 (209) 
25.31 
(174.5) 
36.00 
(248.2) 20 
39.85 
(274.8) 
28.5 
(196) 
18.00 
(124.1) 50 
15 28.4 (196) 
30.70 
(211.7) 
48.50 
(334.4) 21 
49.64 
(342.3) 
27.5 
(190) 
19.33 
(133.3) 80 
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Fig. 2.1 Superposition of three hardening rules of Chaboche model. 
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Fig. 2.2 Monotonic and hysteretic stress-strain response of an X-60 steel used and the representations by kinematic and 
isotopic hardening models. 
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(a) 
 
(b) 
 
Fig. 2.3 Cyclic stress-strain response of the SS-304 material used and the fit using the 
Chaboche model of (a) D/t = 20 and (b) D/t = 15.5. 
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(a) 
 
(b) 
Fig. 2.4 (a) Uniaxial monotonic and hysteresis stress-strain responses and (b) yield and 
bounding surfaces of the Tseng-Lee model. 
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Fig. 2.5 Example of a fitted stress-strain curve using Tseng-Lee model. 
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(a) 
 
(b) 
 
Fig. 2.6 Cyclic stress-strain response of the SS-304 material used and the fit using the 
Tseng-Lee model of (a) D/t = 20 and (b) D/t = 15.5 
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Chapter 3: EFFECTS OF REELING ON PIPE STRUCTURAL 
PERFORMANCE12  
The reeling installation process involves repeated cycles of bending and 
straightening that induce bending strains ranging from 1-3%. This cycling bending 
induces ovality and changes to the mechanical properties that impact the structural 
performance of the pipeline, particularly so in deeper waters. Kyriakides and Mok [1992] 
built a unique model reeling facility and used it to examine the structural degradation 
induced by reeling cycles to tubes wound and unwound at different levels of tension (see 
also Kyriakides [2017]). This chapter starts with a brief review of the experimental 
facility and procedures used. Subsequently two models capable of simulating the reeling 
experiments are presented. The first is a three-dimensional finite element model capable 
of full representation of the history induced by the winding/unwinding process, in which 
the inelastic behavior of the material is represented by the Chaboche nonlinear kinematic 
hardening model. The second model applies the curvature/tension loading history 
experienced at a point to a section of pipe in contact with a rigid surface of variable 
curvature. Here the Tseng-Lee constitutive model is adopted. The two models are then 
used to simulate all the experimental results and the two set of predictions are critically 
compared.  
3.1.1 Reeling Facility 
The reeling/unreeling experiments were performed using a model reeling test 
facility shown in the photograph in Fig. 3.1. The major components of the facility are 
                                                 
1
 Liu, Y., Kyriakides, S. (2016). Effect of reeling on pipeline structural performance. 35th Int’l Conf. 
Ocean, Offshore Arctic Eng., OMAE2016-54866, June 2016, Busan, South Korea. (The author 
implemented the constitutive model, conducted the numerical simulations, and analyzed the results.) 
2
 Liu, Y., Kyriakides, S., and Dyau, J.-Y. (2017). Effects of reeling on pipe structural performance—Part 
II: Analysis. ASME J. Offshore Mech. Arctic Eng., 139, 051707. (The author implemented the constitutive 
model, conducted the numerical simulations, and analyzed the results.) 
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identified in Fig. 3.2. It consists of a 52 in (1320 mm) diameter heavy reel, which is 
mounted on roller bearings on one end of a stiff frame structure. The reel has a 4 in (102 
mm) thick solid steel hub and a 6 in (152 mm) wide outer rim onto which the pipe is 
wound. The surface of the rim was machined to ensure smooth contact with the tubes 
during winding. 
The reel is rotated using a hydraulic torque motor (capacity 6,000 lb-in––680 N-
m) mounted onto the frame as shown in Fig. 3.2. It engages a 43 in (1092 mm) diameter 
spur gear fixed on the hub of the reel (gear ratio of approximately 6). The test facility was 
designed to wind and unwind pipe onto the reel at prescribed values of tension, which is 
achieved as follows. The test specimen, typically 1.0 in (25.4 mm) diameter and about 12 
ft (3.66 m) long, is secured onto the reel at one end. The other end is connected via a 
shackle to a steel wire rope that runs over two pulleys located at the far end of the frame 
as shown in Figs. 3.1 and 3.2. The loop is closed by connecting the steel cable back onto 
the reel as shown in the figure. Three turns of the steel cable are pre-wound on the reel, 
and the end is fixed on the outer rim of the reel. The test specimen-steel cable loop is 
closed with a 4 in (102 mm) single-ended hydraulic actuator and a load cell (Fig. 3.2). 
The closed loop is pre-tensioned by contracting the actuator (capacity 10,000 lb––44 kN). 
The two actuators are powered by a 6 gpm (23 lpm) hydraulic power unit. Independent 
servo-controlled closed loops are used to prescribe the axial load in the wire/specimen 
loop and the rotation of the reel. 
The frame was constructed out of 8 x 6 in (200 x 150 mm) rectangular steel tubes 
and rests in a horizontal position on four legs. The overall length of the test facility is 20 
ft (6 m). The distance between the axis of the reel and those of the pulleys is 16 ft (4.88 
m). The facility is surrounded by a safety cage. More details about the design of the 
facility can be found in Kyriakides and Mok [1992]. 
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3.1.2 Experimental Procedure 
The experimental results reported here involve 1.0 in (25.4 mm) diameter 
seamless stainless-steel (SS) 304 tubes with D/ts of about 20 and 15.5. The experiments 
fall into two categories: (a) three cycles of wind/unwind/straighten at prescribed tension; 
and (b) one cycle of wind/unwind/straighten followed by collapse under external 
pressure. Winding a pipe diameter D onto a reel radius ρ plasticizes the line to a bending 
strain of  
   
εb =
D
(2ρ + D).      (3.1) 
In accordance with Eq. (3.1) winding an 1-inch tube on the model reel induces a bending 
strain of 1.886%. 
The objective of these experiments was to establish how repeated cycles of 
reeling, unreeling and straightening a pipe at a given value of tension affect its geometric 
integrity. Thus, test specimens were pre-loaded to a selected value of axial tension and 
were subsequently wound and unwound onto the reel three times while the axial tension 
was kept constant by the closed-loop tension controller. 
During these experiments, the applied tension was recorded as a function of the 
angle of rotation φ of the reel. A custom-built transducer, shown in Fig. 3.3, was used to 
monitor the change in the diameter of the tube in the plane of bending, at a point located 
approximately at the mid-length of the test specimen. After each cycle was completed, 
the change in diameter at different positions along the length of the test specimen was 
measured manually, using a micrometer, and recorded. The axial strain induced to a test 
specimen during reeling was monitored by a pair of strain gages bonded to the tube at 
approximately the same position as the transducer measuring the change in diameter of 
the tube (see Fig. 3.3). 
 29 
A second objective of these experiments was to establish the degradation in the 
collapse pressure of pipe as a result of reeling. Sixteen such experiments were performed 
using similar SS-304 tubes with D/t values of approximately 20 and 15.5. The test 
specimen preparation and experimental procedure followed were the same as described 
above. After one wind/unwind/straighten cycle, the change in diameter in the plane of 
bending and the ovalization 
   ∆ = Dmax − Dmin
Dmax + Dmin
      (3.2) 
of the cross section were measured manually at intervals of 6 in (152 mm) along the 
length of the test specimen. A section, usually 36D long, was then cut from the central 
part of the reeled section of tube. After sealing the ends, the tube was collapsed under 
external pressure and the collapse pressure was recorded. Varying the tension applied 
during winding and unwinding resulted in different values of residual ovality. The 
collapse pressure of as received pipe was also established experimentally in separate 
experiments.   
The geometric characteristics of the test specimens used in the second group of 
experiments, the applied tension, the initial and residual ovalities ∆o  and ∆ respectively, 
and the collapse pressure, PCO , is normalized by the yield pressure defined as 
   
Po = σo
2t
(D − t) .      (3.3) 
3.1.3 Experimental Results 
We start with results from a representative experiment involving a tube with 
D / t ≈ 20 wound/unwound at a tension of 0.11To . Figure 3.4 depicts a sequence of 
photographs that show the progression of a 12 ft (3.65 m) long tube as it is wound onto 
the reel (images -) and then unwound (images -). Although the applied tension is 
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relatively small, the unwound section of the pipe remains essentially straight during both 
winding and unwinding.  
During winding, the end of the tube connected to the cable via the shackle is seen 
in images - in Fig. 3.4 to move closer to the reel. Concurrently, an equal length of 
wire rope is unwinding from the reel. As a result, the actuator/load cell assembly that 
rides on rollers on the floor is seen to be gradually rolling away from the reel. In , the 
shackled end of the tube has reached the reel while the actuator/load cell assembly has 
rolled out of the field of view. Image  shows the specimen during the early part of 
unwinding and images - at more advanced stages. As unwinding proceeds, the 
actuator trolley is seen to roll back towards the reel. Because of the applied tension, most 
of the tube straightens as it unwinds. An approximately 12D long section at the end of the 
tube did not come into full contact with the reel during the winding and as a result is seen 
to be pointing downwards during unwinding. Typical reeling and unreeling rates were 
approximately 36D per minute. The corresponding bending strain rate is approximately
&εb = 5.66×10
−2s−1. The second and third cycles were performed in a similar manner.  
The effect of reeling/unreeling cycles on the pipe cross section will be illustrated 
using experimental results shown in Fig. 3.5. Plotted are the tension-rotation history (Fig. 
3.5a), and the change in diameter- and strain-rotation histories (Figs. 3.5b, 3.5c), both 
variables measured at mid-length. The tube diameter remains unchanged until point A 
gets very close to the reel. As its neighborhood bends to conform to the reel curvature, 
∆D undergoes a sharp increase. A small overshoot is recorded, presumably associated 
with the point of contact, following which the local ovalization remains constant during 
the rest of the winding cycle. ∆D remains also constant during the first part of unwinding 
but starts to decrease as point A detaches from the reel and starts to straighten. This is 
preceded by a small transient probably associated with the moment of lift off. The cycle 
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leaves a permanent ovality to the straightened pipe, depicted as ∆D1 in Fig. 3.5b. The 
process is repeated with each subsequent cycle so that the residual ovality grows to ∆D2  
after cycle 2 and to ∆D3 after cycle 3. It is interesting to observe that the first cycle 
introduced a larger value of residual ovality than the subsequent two cycles. Furthermore, 
the transition from one ovality plateau to the next is larger for unwinding as compared to 
winding for all cycles. Although cyclic bending even at zero tension results in permanent 
ovalization of the tube cross section (see Kyriakides and Shaw [1987], Corona and 
Kyriakides [1991]), in the experiments that follow it will be demonstrated that the 
residual ovality increases significantly as the winding/unwinding tension increase. 
The axial strain measured at point A during the three cycles is plotted against the 
reel rotation angle φ in Fig. 3.5c. The strain associated with the pre-tensioning of the tube 
(εo ) is elastic and small, and consequently does not register in the scale of this plot. It 
remains constant until the neighborhood of point A starts to bend. Bending plastically 
deforms the pipe reducing its axial rigidity. Thus, by the time this section of tube 
conforms to the curvature of the reel, it has undergone significant axial stretching. Once 
the section comes in full contact with the reel the axial strain does not change. It also 
remains unchanged during the initial stages of unwinding but starts to increase again as 
the neighborhood of A starts to straighten. Straightening plastically deforms the tube 
again and the axial rigidity is reduced, causing the axial strain to increase once more. As 
this section of tube straightens, the axial strain stabilizes at the value of ε1. The same 
process is repeated during each half cycle so a permanent elongation of ε2  is recorded 
after the second cycle and ε3  after the third. In summary then, the strain increases 
(ratchets) both during winding and unwinding (to be contrasted with the change in ∆D). 
As was the case for ∆D, the largest increase in axial strain occurred during the first cycle. 
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Subsequent experiments will demonstrate that the rate of strain ratcheting is strongly 
dependent on the applied tension. 
3.2 MODELING AND ANALYSIS 
3.2.1 Three-Dimensional Finite Element Model 
A three-dimensional (3-D) model of the complete wind/unwind history is 
developed within the nonlinear code ABAQUS. The reel is represented as a circular rigid 
surface with a radius ρ . A 160D long section of pipe is connected to the reel as shown in 
Fig. 3.6. The other end of the pipe is placed between rollers that prevent vertical but 
allow horizontal motion of the line. A constant tension force (T) is applied on the left end, 
and the line is wound by applying incrementally a rotation, φ , to the reel. The pipe is 
unwound by reversing the direction of rotation until φ  is back to zero while the level of 
the back tension is maintained. (A similar model in is used in Chapter 4 to study the 
effect of pipe discontinuities on the integrity of reeled pipe–– see also Liu and Kyriakides 
[2014].)  
 The pipe consists of a starter section 15D long, a "test section" 15D long, and a 
130D trailing section. The pipe is assumed to deform symmetrically about the plane of 
bending so only half of the cross section is modeled with S4 shell elements. Of main 
interest are the stresses and deformations induced by the wind/unwind process to the test 
section. To capture this with accuracy a finer mesh is adopted for the test section; it is 
assigned 20 elements around the half-circumference and 20 elements per pipe diameter 
axially. The other two sections have the same circumferential mesh distribution but only 
one element per diameter axially. The two mesh densities were determined using 
convergence studies.  
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 The reel is modeled as an analytical rigid surface. Contact with the deformable 
pipe is modeled using a strict “master-slave” algorithm of ABAQUS, with the reel 
surface as the master and the pipe as the slave surface. The contact is frictionless but 
“finite sliding” is allowed between a contact pair. An exponential “softened” contact 
pressure-overclosure relationship is used with 500 psi (3.4 MPa) and 0.0001 in (0.00254 
mm) being representative pressure and clearance values respectively. The nonlinear 
kinematic hardening constitutive model of Chaboche [1986] incorporated in the code of 
ABAQUS is used for the simulations. The model and its calibration are outlined in 
Chapter 2. 
3.2.2 Two-Dimensional Model (REELING) 
Offshore pipeline installation processes involve significant lengths of pipe often 
in the km range. In many such applications, the variation of bending, tension and pressure 
along the length is small enough so that the structure can locally be considered to be 
axially uniform. Such an assumption reduces the problem to a two-dimensional one. This, 
for example, is the philosophy behind the computer code BEPTICO which is a main tool 
for establishing limit states of buckling and collapse under bending, tension, and pressure 
(see Kyriakides and Corona [2007]). In the same spirit, if in the reeling/unreeling process 
of interest is limited to the changes induced to the pipe cross section by the wind/unwind 
process, then a good approximation can be obtained using the two-dimensional (2-D) 
code REELING. This is a custom numerical analysis, similar to BEPTICO, in which a 
pipe is bent under tension over a rigid surface uniformly. A long section of pipe under 
tension, T, in contact with a rigid surface (see Fig. 3.7) is gradually bent by increasing the 
curvature, κ, of the contact surface (the formulation and the treatment of contact are 
described in Ch. 10 of Kyriakides and Corona, 2007). Thus, the winding of a pipe on a 
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reel is accomplished by progressively increasing κ until the pipe acquires the curvature of 
the reel. Unwinding is achieved by gradually reducing the curvature to zero or to a 
negative value. In the code REELING the Baushinger effect is accounted for through the 
Tseng-Lee [1983] two-surface nonlinear kinematic hardening model summarized in 
Chapter 2. The calibration of the constitutive model to the pipe materials used is also 
described in the same chapter.  
3.3 SIMULATION OF REELING AND UNREELING 
The two models are now used to simulate the reeling and unreeling of pipes under 
constant values of tension. The main problem parameters that will be used in the analyses 
are listed in Table 3.1. They approximately correspond to average values of each family 
of tubes used in the experiments reported in Section 3.1; i.e., 1-inch tubes with D/t = 20 
and 15.5 wound onto a 26-inch (660 mm) radius reel. This combination induces a 
bending strain of 1.89% to the tubes. 
Table 3.1 Main geometric and material parameters of tubes analyzed 
D
t
 
D  in 
(mm) 
t  in 
(mm) 
ρ in 
(mm) 
E  Msi 
(GPa) 
oσ  ksi 
(MPa) 
20.0 1.00 (25.4) 
0.050 
(1.27) 
26 
(660) 
30.3 
(209) 
38.5 
(266) 
15.5 1.00 (25.4) 
0.0645 
(1.64) 
26 
(660) 
28.4 
(196) 
49.6 
(342) 
 
We will first analyze in detail the reeling of a tube with D/t = 20 wound and unwound at a 
tension 0.075To . The case will also be simulated with the 2-D model and the induced 
moment, ovality and elongation will be compared with the corresponding 3-D results. 
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3.3.1 Three-Dimensional Model Results 
The three-dimensional (3-D) model is used to simulate a complete wind/unwind 
cycle. Figure 3.8 shows five full-scale pipeline deformed configurations from such a 
cycle. For clarity the 15D long test section is colored in red. Tension of 0.075To  is 
applied to the free end of the line at the start of the winding and is held constant for the 
rest of the process. The model reel is then incrementally rotated. Thus, for example, in 
configuration II the starter section and part of the test section have come into contact with 
the reel and conformed to its circular surface. Rotation continues until φ =120o, in the 
process bringing into contact a tube length of 55.5D (conf. III). The reel is then 
incrementally rotated back reducing φ  (cong. IV). This causes the plastically bent 
section to nearly straighten as illustrated in conf. V (φ = 0 ). Figure 3.9 shows expanded 
views of the pipe test section (between two lines "|") as it engages the reel during the 
winding (images -) and disengages during unwinding (images -). The solid dot 
identifies the position of the center of the test section (point A in Fig. 3.6). The 
superimposed contours represent the induced axial strain. They show the top of the tube 
to be stretched and the bottom compressed. 
Figure 3.10 shows the evolution of five major problem variables with the rotation 
angle, φ, during the wind/unwind cycle, calculated at section A of the fine mesh test 
section. They are: (a) the normalized moment acting on the section ( M / Mo); (b) the 
normalized local curvature (κ / κ1) ; (c) the contact pressure ( pco); (d) the normalized 
change in diameter in the plane of bending ( ∆D / D ≈  ovality); and (e) the mean axial 
strain ( εx ) (where Mo = σ oDo2t, κ1 = t / Do2 , Do = D − t ). The values of the five 
variables corresponding to the eight deformed configurations in Fig. 3.9 are marked on 
the responses with numbered bullets: - correspond to the loading half of the cycle 
and - to the unloading half. (The curvature, κ, is calculated using a three point 
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centered average of the deformed coordinates of element nodes at the mid-surface of the 
shell. The moment is calculated as follows: M = 2 ziFi
i=1
N
∑  where Fi  is the axial force 
acting on the ith node on the cross section and zi  is its distance from the mid-surface of 
the tube.) 
When the reel starts rotating, the suspended pipe next to it arches upwards and the 
induced curvature (Fig. 3.10b) affects the test section, causing the moment at A to 
gradually increase as shown in Fig. 3.10a. Simultaneously, the ovality and axial strain 
experience small growths (Figs. 3.10d and 3.10e). By station , section A has 
approached the reel (see Fig. 3.11a) causing further bending. The pipe is plasticized and 
the ovality and axial strain experience an upswing (Figs. 3.10d and 3.10e). Section A 
comes into contact with the reel at station  at a rotation of 55.8o, and simultaneously a 
sharp local spike in the contact pressure develops as illustrated in Fig. 3.10c. This also 
corresponds to the maximum moment developed at section A. By station 	, the contact 
pressure drops down to a low level, the curvature reaches the value that corresponds to 
that of the reel and subsequently remains constant until unwinding commences. Despite 
this, the moment experiences a gradual decrease. Between stations  and 	, the ovality 
and axial strain undergo a significant increase. Both reach their maximum values of εx =  
0.177% and ∆D / D =  1.54% by station 	 at φ ≈ 60o, and remain constant during the 
rest of the winding. By contrast, the moment continues to drop due to some elastic 
unloading. 
During unwinding, the moment at section A gradually increases while the 
curvature, ovality, axial strain, and contact pressure remain unchanged until section A 
approaches liftoff ( in Fig. 3.9). As lift off the reel is approached, a new smaller spike 
in contact pressure develops and the moment reaches a local maximum. At φ ≈ 85.8o 
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(), section A lifts off the reel and starts moving away from it. Again, a bent transition 
zone develops closer to the reel within which the curvature decreases. The moment drops 
first to zero and then becomes negative due to the straightening imposed by the tension 
(note that the curvature is essentially zero at the end of unwinding). Between stations  
to , ovality decreases with φ  changing only modestly beyond  finishing at a value of 
about 0.72%. By contrast, εx  increases because of the re-plasticization imposed by the 
reverse bending, finishing at a value of 0.24% (such an increase was also observed in the 
experiments in the experiments as shown in Fig. 3.5).  
The contact pressure that develops between the pipe and the reel at first contact 
during winding, and at the time of detachment during unwinding, is examined in more 
detail in Fig. 3.11. Shown are two deformed configurations of the neighborhood of 
section A, with color contours of axial strain superimposed. In these configurations the 
process is considered to be in a “steady-state,” so the numbered bullets correspond to the 
positions section A would be at the numbered stations marked in the responses in Fig. 
3.10. During winding, the reel is rotating in a clockwise manner and the three bullets in 
Fig. 3.11a correspond to the position of section A as it approaches the reel (bullet ), at 
the time of first contact (bullet ), and shortly after contact (bullet 	). The contact 
pressure is seen to develop a sharp spike at the time section A engages the reel, which 
decays down to a small value within a distance of about one tube diameter. It is worth 
pointing out that this distribution of contact pressure is captured because of the 3-D 
nature of this calculation. In simpler beam representations of the pipe, contact is limited 
to a single reaction force at the point of touchdown (limitation imposed by the "plane 
sections remain plane" assumption). During unwinding, represented by Fig. 3.11b, 
section A is approaching the point of liftoff from the right (bullet ), lifts off at , and 
gradually departs from the reel (bullet ). The contact stress gradually grows from point 
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, reaches a maximum value just before lift off at , and drops to zero there after. The 
transition zone is now longer, covering a length of about 6D.  
3.3.2 Two-Dimensional Model Results 
Because of its simplifying assumptions, the two-dimensional (2-D) model does 
not capture the transients experienced by a pipe section as it is coming in and out of 
contact with the reel. Instead, "winding" is simulated by the bending of the pipe over a 
rigid surface, which is achieved by gradually increasing its curvature until the value 
corresponding to the curvature of the reel is reached. "Unwinding" is simulated by 
gradually reducing the curvature to zero. In the process the evolution of the cross 
sectional variables is monitored. Figure 3.12a shows the calculated moment-curvature 
response during such a wind/unwind cycle with the addition of an unloading step at the 
end. Figure 3.12b plots the induced change in diameter (∆D / D) and axial elongation 
(εx )  with curvature. The M −κ  response exhibits the expected hysteretic behavior. 
The cycle induces bending to a normalized curvature of 0.681κ1, unloading, reverse 
loading to zero curvature, and finally removal of the moment, ending up with a small 
residual curvature. The ovality grows nonlinearly with curvature during the reeling phase, 
and decreases nonlinearly during the unloading and reverse bending phase (e.g., see 
Kyriakides and Shaw [1987], Corona and Kyriakides [1991]). The axial strain grows 
nearly linearly during reeling and continues to grow nonlinearly during the 
unloading/reverse loading phase.  
Figure 3.13 shows corresponding plots of the evolution of the same variables at 
section A with curvature extracted from the 3-D calculation. The moment-curvature 
history is nearly identical to that of the 2-D analysis but for the elastic unloading 
experienced as the section moves around the reel during winding (the final unloading was 
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not performed for 3-D). The trajectory of ∆D / D  is qualitatively similar but the values 
predicted by the 3-D model are generally larger. For example, the value at the end of the 
cycle is about 40% larger for the 3-D case. Ovality has been shown in the past to be 
sensitive to the hardening direction adopted in the kinematic hardening model (see 
Corona and Kyriakides [1988], Kyriakides et al. [2004]). Consequently, the difference in 
∆D/D between the 2-D and 3-D simulations is at least partly caused by the different 
hardening directions of the two constitutive models. The somewhat different stress 
history induced by the 3-D process is another contributor thought to be secondary. The 
axial elongation on the other hand is both qualitatively and quantitatively comparable to 
that of the 2-D model. 
3.3.3 Three Wind/Unwind Cycles 
In the experimental study of Kyriakides and Mok [1992] summarized in Section 
3.1, the tubes were wound/unwound onto the reel three times at prescribed constant 
values of tension. As mentioned in the introduction, in most reeling vessels the pipe 
experiences at least two such cycles. It was thus desirable to establish a trend on the 
degrading effect of repeated cycles on the structure. In the same spirit we extended the 
simulations of the base case analyzed in Section 3.3.1 to three cycles all performed at the 
same tension of 0.075To . The pipe is again wound by rotating the reel clockwise by 
120o, and unwound by rotation back to zero degrees.  
Figure 3.14 shows the evolution of four of the variables at section A in the test 
section with the rotation angle, φ. Since the tube was not unloaded at the end of each 
cycle, the second and third cycles start from different initial conditions. Consequently, for 
these two cycles the moment during winding is seen in Fig. 3.14a to follow a somewhat 
lower trajectory than that in the first cycle while the unloading path is nearly identical for 
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all three cycles (the different shapes of the initial monotonic stress-strain response and 
the hysteretic one contributes to this difference also). In Fig. 3.14b a small difference in 
the winding trajectories of curvature between the first and subsequent cycles is also 
observed, primarily for the same reasons. These differences are also reflected in Fig. 
3.15a that plots the moment vs. the curvature, with the winding part of the first cycle 
being different. 
Figure 3.14c shows the evolution of change in diameter in the plane of bending. 
The second and third cycles trace similar trajectories as the first cycle but the residual 
∆D / D  is smaller (cycles 1, 2, 3: 0.72%, 1.21%, 1.67%). It is reassuring that the shapes 
of these trajectories are very similar to those recorded in one of the reeling experiments 
reported in Fig. 3.5. ∆D / D  is plotted against the curvature in Fig. 3.15b, which 
presents an alternate view of the cyclic accumulation of this variable (see Kyriakides and 
Shaw [1987], Corona and Kyriakides [1991]).  
Figure 3.14d plots the evolution of axial strain vs. the reel rotation. Here also the 
trajectories of the second and third cycles are similar to the first cycle with the tube 
elongating both during the winding and unwinding halves of each cycle. The 
accumulated strain is, however, much smaller in cycles 2 and 3 than in cycle 1 (cycles 1, 
2, 3: 0.24%, 0.33%, 0.41%). These results again mimic those of the experiment in Fig. 
3.5. The axial strain is also plotted against curvature in Fig. 3.15b. The results again 
confirm that elongation takes place every time the section undergoes plastic bending.  
The three wind/unwind cycles were also simulated using the REELING code. The 
calculated moment, ovality and elongation are plotted against curvature in Fig. 3.16. The 
moment-curvature response (Fig. 3.16a) is essentially identical to that from the 3-D 
analysis in Fig. 3.15a (less the temporary unloading while on the reel). The ovality 
follows a similar trajectory with curvature (Fig. 3.16b) as that in Fig. 3.15b producing a 
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somewhat faster rate of growth (Corona and Kyriakides [1988], Kyriakides et al. [2004] 
noted the sensitivity of calculated ovality to the constitutive model). The axial 
elongation-curvature trajectory is similar to that of the 3-D plot both qualitatively and 
quantitatively.  
The 3-D and 2-D models were subsequently used to simulate the whole set of 
three reeling cycle experiments under varying tension levels reported in Section 3.1 for 
the two D/t tube families. Once again the "average" mechanical properties of each family 
of tubes are adopted. Figure 3.17a shows the changes in diameter plotted as a function of 
tension after the first, second and third cycles for the D/t ≈ 20 tube family. Included are 
the corresponding measured results. The results from the two models show nearly 
constant rates of increase over the three cycles. The two sets of predictions agree well for 
cycle 1 and they are also in very good agreement with the experimental values. For cycle 
2 the 3-D predictions are somewhat higher than the 2-D ones, but the difference spans the 
scatter in the experimental data. For cycle 3 the difference between the two predictions 
increases further with the 2-D results being closer to the experimental data. 
Figure 3.17b plots the corresponding axial strain predictions vs. tension together 
with those measured. The two sets of predictions are nearly identical but some 
differences are observed with the experimental data. The predictions follow the 
experimental trend for the first cycle, but overestimate those of the second cycle and even 
more so the third. The prediction of axial ratcheting requires that the evolution of the 
open hystereses recorded in cyclic experiments be reproduced very accurately (see 
Hassan and Kyriakides [1992], Jiao and Kyriakides [2009]). The stress-strain results in 
Figs. 2.3 and 2.6 for the D/t ≈ 20 tube material show that both models did not reproduce 
very well the forward half of the hysteresis, which can lead to the discrepancy observed 
in Fig. 3.17b. The experimental data for the lowest tension of 0.037To  are out of line 
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with the numerical results. Because of the age of the experiments, we speculate that in 
this experiment perhaps the bridge was not properly zeroed at the onset of reeling. 
Corresponding results and comparisons to the experiments for the D/t ≈ 15.5 
family of tubes appear in Fig. 3.18. The relationship of the 2-D and 3-D prediction is 
similar to that in Fig. 3.17 with the two sets of predictions being quite close for cycle 1, 
becoming increasingly more divergent for cycles 2 and 3. The two predictions of the 
∆D / D −T / To  are in good agreement with the experimental results for cycle 1, the 3-D 
predictions are closer to the experimental data for cycle 2, whereas for cycle 3 the data 
falls between the two predictions. Both sets of prediction of the axial strain-tension are in 
good agreement with the data for the first cycle, but the data for the second cycle are 
overpredicted somewhat and more for the third cycle.  
Overall, the performance of the two models is good for the prediction of the 
ovality and the accumulated axial strain for cycle 1, reasonably good for cycle 2, but 
diverges from the data for cycle 3. Improving this performance requires more detailed 
calibration of the constitutive model to the axial ratcheting behavior of the steel to higher 
strains. 
3.4 COLLAPSE PRESSURE OF REELED PIPE 
In this section the two models are used to simulate the experiments reported in 
Section 3.1 in which tubes first underwent one reeling/unreeling cycle at various tension 
levels. After the geometric changes to the cross section were recorded, the tubes were 
collapsed under external pressure. The simulations of the reeling/unreeling cycles are 
performed as described in Sections 3.2.1 for the 3-D model and 3.2.2 for the 2-D model, 
using the average geometric and material parameters of each tube family. The calculated 
residual changes in diameter in the plane of bending ( ∆D / D ) for the D/t ≈ 20 tubes are 
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plotted against the applied tension in Fig. 3.19a together with the measured values. For 
both models the predicted residual change in diameter increases nearly linearly with 
tension. The experimental values exhibit a similar trend and are generally in good 
agreement with both predictions.  
The base case example of a 1-inch diameter tube with D/t = 20.0 wound and 
unwound on the model reel under a tension of 0.075To  will be used to illustrate how the 
influence of the reeling process on the pipe collapse pressure was established. Starting 
with the 3-D model, before the reeling is commenced the 15D long finer mesh test 
section is enclosed within a cavity of fluid elements (ABAQUS F3D4, F3D3) as shown 
in Fig. 3.20a. The tube is then wound and unwound onto the reel with the fluid elements 
remaining inactive. In this particular case, the process left a residual ovality of 
∆o = 0.538% . A 13D long section is then removed from the center of the fine mesh test 
section and its ends are sealed with thick shell elements. The deformed geometry is 
maintained but the stress history and residual stresses are removed and the structure is 
assigned the initial monotonic material stress-strain response. The tube is then 
pressurized by prescribing incrementally the change in volume of fluid in the cavity (δυ ) 
until the tube collapses.  
Figure 3.20b shows the calculated pressure-change in volume response ( Po  is 
the yield pressure defined in Eq. (3.3)). It has the usual characteristics with an initial stiff 
nearly linear response that eases into a pressure maximum at 0.725Po . Beyond this 
point the structure collapses with a local profile that is about 6D long as described in 
Chapter 4 of Kyriakides and Corona [2007]. It is interesting to compare this value with 
the collapse pressure of the intact tube. It had an initial ovality of 0.128% and registered a 
collapse pressure of 0.819Po ; thus reeling under a tension of 0.075 To  caused a 
degradation of about 13%. 
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The single cycle reeling was also simulated with the 2-D model. In this case the 
residual ovality was ∆o  = 0.496%. This ovality is used as input in BEPTICO to 
calculate the collapse pressure. The structure is again assumed to be stress free and the 
initial monotonic part of the stress-strain response is adopted. The collapse pressure is 
estimated to be 0.740Po , which compares with the BEPTICO predicted value of 
0.833Po  for the tube before reeling. Both collapse pressures, although in reasonable 
agreement with the 3-D model, are somewhat higher. The main cause of the difference in 
the collapse pressure of the reeled pipe is the difference in the calculated reeling induced 
ovality. As mentioned earlier, this difference is caused first by the simpler load/unload 
history of the 2-D model and by the different constitutive models adopted. 
The two models were used to predict the collapse pressures of the tube 
reeled/unreeled at several different values of tension. The predicted collapse pressures are 
plotted vs. tension in Fig. 3.19b together with the measured collapse pressures. Both sets 
of predicted collapse pressures follow the trend of the experiments very well both 
qualitatively and quantitatively. Overall the results demonstrate the detrimental effect that 
reeling can have on collapse pressure.  
The same procedure was used to reel/unreel tubes with D/t ≈ 15.5 at different 
levels of tension. The resultant change in diameter in the plane of bending is plotted 
against tension in Fig. 3.21a. The predicted ∆D / D  again grows nearly linearly with 
tension, for both models. The 3-D model produces somewhat higher values than the 2-D 
model that are closer to the measured values.  
The corresponding collapse pressures are plotted against tension in Fig. 3.21b. 
The two sets of predictions exhibit a similar decreasing trend of PCO  with tension as the 
experimental results with the 2-D collapse pressures being somewhat higher. This of 
course is a direct consequence of the lower predicted ovality by the 2-D model. The 2-D 
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model predicted collapse pressures are closer to the measured values for lower tension 
levels and the 3-D results are closer for the higher tensions. We close this section by 
pointing out that for this relatively low D/t of about 15.5 the shell representation of the 
tube using S4 elements in the 3-D model may be responsible for the larger difference 
between the 2-D and 3-D predictions observed here. A solid element model should 
provide a more accurate representation of low D/t structures.  
3.5 SUMMARY 
This chapter has presented two models for establishing the sectional geometric 
and material changes induced to a pipeline by repeated reeling/unreeling cycles. The first 
model involves a large-scale computationally intensive 3-D finite element model and the 
second is a computationally efficient 2-D model. Both models were shown capable of 
capturing the induced changes in the cross sectional geometry and mechanical properties. 
The ovality and axial elongation induced at different levels of tension were reproduced by 
both models with good accuracy for the first cycle, less accurately for the second cycle 
while the results for the third cycle were generally overpredicted. The predictions for the 
tubes with D/t ≈ 20 were more accurate than those of the D/t ≈ 15.5 tubes.  
It is worth mentioning that the range of tension levels considered in this study 
includes values that are significantly higher than those used in most current reeling 
operations. This induced larger values of ovality and elongation than expected from a 
normal two bending cycle reeling/unreeling process. This in turn allowed evaluation of 
the two models over a broader range of parameters. Larger than normal ovality values 
can, for example, result from off-design scenaria in which an installed pipeline is 
recovered and subsequently reinstalled, in the process undergoing additional 
reeling/unreeling cycles. 
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A consequence of the larger tension levels used in the experiments and analysis is 
larger excursions into the plastic range than the strain range of the cyclic stress-strain 
measurements used to calibrate the two plasticity models. This is thought to be 
responsible for the over-prediction of the ovality and elongation during the third 
reel/unreel cycle. Improved performance by the models requires that the constitutive 
models be calibrated to strain levels that correspond to those reached in the reeling 
experiments. It is also worth pointing out that SS-304 hardens under cyclic loads. This 
hardening was not accounted for in the two cyclically stable constitutive models used, 
which may have also contributed to the over-prediction of the sectional variables in the 
third reeling cycle. The main conclusions drawn from this study appear in Section 6.1. 
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Figure 3.1 Photograph of the model reeling test facility use in the experiments (Kyriakides and Mok [1992]). 
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Figure 3.2 Scaled drawings of the model reeling test facility with major components identified (Kyriakides and Mok [1992]). 
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(a) 
 
(b) 
Figure 3.3 (a) Schematic showing a tube being wound onto the model reel under tension 
and (b) photograph of the transducer and one of the strain gages for monitoring change in 
diameter and axial strain at location A on the specimen during reeling (Kyriakides and 
Mok [1992]). 
  
 50 
 
Figure 3.4 Sequence of tube configurations in the facility during reeling and unreeling 
(Kyriakides and Mok [1992]). 
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Figure 3.5 Experimental data showing (a) the applied tension, (b) the ovalization and (c) 
strain at section A vs. the reel rotation angle measured during three cycles of 
reeling/unreeling (Kyriakides [2017]). 
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Figure 3.6 Geometry of the reel/pipeline 3-D finite element model. 
  
 53 
 
 
 
 
Figure 3.7 A 2-D model of reeling involving a section of pipe being bent over a rigid surface of uniform curvature κ, in the 
presence of tension T. 
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Figure 3.8 Calculated pipe reeling configurations for base case: I – III, winding and IV – 
V unwinding. 
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Figure 3.9 Pipe deformed configurations showing the test section coming into contact 
with the reel during winding, -, and unwinding -. 
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Figure 3.10 Evolution of section variables at section A with reel rotation, φ, during a 
complete wind-unwind cycle: (a) moment, (b) curvature, (c) contact pressure. 
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Figure 3.10 Cont. Evolution of section variables at section A with reel rotation, φ, during 
a complete wind-unwind cycle: (d) ovalization, and (e) mean axial strain. 
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Figure 3.11 Pipe deformed configurations with contact pressure that correspond to the 
tube coming (a) into contact during winding and (b) off contact during unwinding. 
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Figure 3.12 2-D model results for a single wind/unwind cycle: (a) moment vs. curvature 
and (b) ovalization and axial strain vs. curvature. 
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Figure 3.13 3-D model results at section A for a single wind/unwind cycle: (a) moment 
vs. curvature and (b) ovalization and axial strain vs. curvature. 
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Figure 3.14 Evolution of variables at section A with reel rotation for three wind/unwind 
cycles: (a) moment, (b) curvature, (c) ovalization, and (d) mean axial strain. 
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Figure 3.15 3-D model results at section A for three wind/unwind cycle: (a) moment vs. 
curvature and (b) ovalization and axial strain vs. curvature. 
  
 63 
 
Figure 3.16 2-D model results for three wind/unwind cycles: (a) moment vs. curvature 
and (b) ovalization and axial strain vs. curvature. 
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Figure 3.17 Measured and predicted residual (a) ovality and (b) axial strain vs. tension for 
three wind/unwind cycles for pipes with D/t = 20. 
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Figure 3.18 Measured and predicted residual (a) ovality and (b) axial strain vs. tension in 
three wind/unwind cycles for pipes with D/t = 15.5. 
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Figure 3.19 Measured and 2-D and 3-D model predicted section variables after a single 
wind/unwind cycle for tubes with D/t = 20: (a) residual ovality vs. tension and (b) 
collapse pressure vs. tension (data on ordinate are from as received tubes). 
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Figure 3.20 (a) Finite element model for calculation of the collapse pressure of the test of 
a reeled tube; included is the FE model of the tube and the surrounding fluid cavity. (b) 
Calculated pressure vs. change of volume response of base case with D/t = 20. 
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Figure 3.21 Measured and 2-D and 3-D model predicted section variables after a single 
wind/unwind cycle for tubes with D/t = 15.5: (a) residual ovality vs. tension and (b) 
collapse pressure vs. tension (data on ordinate are from as received tubes). 
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Chapter 4: EFFECT OF GEOMETRIC AND MATERIAL 
DISCONTINUITIES ON THE REELING OF PIPELINES34  
In the reeling installation process, during winding the pipeline experiences 
bending strains of 1.5-3.0% (see Eq. (3.1)). The pipe is straightened on unspooling and 
bent once more as it conforms to the radius of the ramp before it is straightened again 
(see Fig. 1.1). The operator must ensure that the repeated bending and straightening are 
sustained free of local buckling or rupture in the line. Such failures are for example 
precipitated by pipeline discontinuities in wall thickness and yield stress as they act as 
stress risers, lead to localized deformations severe enough to result in local buckling. 
Variations in material yield stress between different strings of pipe and some variation 
along the length of a given string are unavoidable (see Bauer et al., 2002; Tsuru et al., 
2012). Furthermore, thickness discontinuities due to designed changes in pipe wall 
thickness are common. In addition, in some projects thickness discontinuities result from 
the introduction of a thicker wall section to act as a buckle arrestor (Sriskandarajah et al., 
2011). When such pipe discontinuities are reeled, they cause localized bending, 
ovalization and straining that can result in local buckling and, in extreme cases, rupture of 
the line (Brown et al., 2004; Denniel et al., 2009; Smith et al., 2011; Liu and Kyriakides, 
2014).  
This Chapter presents the results of a study that examines the local effects of 
discontinuities in pipe geometry and mechanical properties on the reeling installation 
process. The nonlinear kinematic hardening constitutive model of Chaboche [1986] 
                                                 
3
 Liu, Y. and Kyriakides, S. (2014). Effect of geometric and material discontinuities on the reeling of 
pipelines. 33rd Int’l Conf. Ocean, Offshore Arctic Eng., OMAE2014-24474, June 2014, San Francisco, 
CA, USA. (The author implemented the constitutive model, conducted the numerical simulations, and 
analyzed the results.) 
4
 Liu, Y. and Kyriakides, S. (2017). Effect of geometric and material discontinuities on the reeling of 
pipelines. Applied Ocean Research, 65, 238-250. (The author implemented the constitutive model, 
conducted the numerical simulations, and analyzed the results.) 
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described in Chapter 2 is used to capture the elasto-plastic behavior of the material 
imposed by the bending/reverse bending history. The effects of wall thickness and yield 
stress discontinuities of different amplitudes on the local behavior of the pipe are 
considered by varying the main problem parameters such as the back tension, the reel 
radius, and the pipe D/t.  
4.1 FINITE ELEMENT MODEL 
To simulate the reeling/unreeling process, a 3-D model of the complete 
wind/unwind history is developed within the nonlinear code ABAQUS. The reel is 
represented as a circular rigid surface with a radius ρ. A 160D long section of pipeline is 
connected to the reel as shown in Fig. 4.1. The other end of the pipeline is placed 
between rollers that prevent vertical but allow horizontal motion of the line. A constant 
tension force (T) is applied on the LHS and the line is wound by applying incrementally a 
rotation, φ, to the reel. The pipe is unwound by reversing the direction of rotation until φ 
is back to zero while the level of the back tension is maintained.   
The pipe consists of a 20D long starter section, a 20D long "test section", and a 
120D trailing section. The test section has a discontinuity at mid-length marked with the 
symbol “∨”in the figure. The pipe is assumed to deform symmetrically about the plane of 
bending so only half of the cross section is modeled. The whole structure is modeled with 
S4 shell elements. Of main interest are the stresses and deformations induced by the 
wind/unwind process by the discontinuity to its neighborhood. To capture this with 
accuracy, a finer mesh is adopted for the test section with 16 elements around the half 
circumference and 20 elements per diameter along the length. The other two sections 
have the same circumferential mesh distribution but only one element per diameter 
axially. The two mesh densities were arrived at from convergence studies.  
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The reel is modeled as an analytical rigid surface. Contact with the deformable 
pipe is modeled using a strict “master-slave” algorithm of ABAQUS, with the reel 
surface as the master and the pipe as the slave surface. The contact is frictionless but 
“finite sliding” is allowed between a contact pair. An exponential “softened” contact 
pressure-overclosure relationship is used with 500 psi (3.4 MPa) and 0.0001 in (0.00254 
mm) being representative pressure and clearance values respectively. 
4.2 NUMERICAL RESULTS 
4.2.1 Reeling/Unreeling of a Pipeline with a Thickness Discontinuity 
To set the stage for the parametric study that follows, some of the main aspects of 
the effect of a discontinuity in the pipeline on the reeling/unreeling process will be 
discussed through an example. It involves a X-60, 12.75 in (324 mm) diameter (D) pipe 
with a wall thickness t = 0.600 in (15.2 mm) that is wound onto a reel with a radius of 
324 in (8.23 m) using a back tension of 0.02 times the yield tension of an X-60 grade pipe 
( 0.02 oT T= ; see Table 4.1). Winding takes place by incrementing the angle φ, while the 
tension is kept constant. Figure 4.2 shows five images showing the line in its initial 
configuration (
), during winding (images  and ), and unwinding (images 	 and 
). The symbol “∨” depicts the position of a thickness discontinuity of ∆t = 0.1t
 
(pipe 
to the left of “∨” has wall thickness 0.9t; see schematic in Fig. 4.3a). In image , the site 
of the discontinuity is just coming into contact with the reel. It is worth noting that the 
point of contact is preceded by a gradually bending transition length of pipe. In image  
a length of 80D has been wound onto the reel. Image 	 shows the pipe during unwinding 
with the section with the discontinuity just lifting off the reel. Again, a transition length 
of bent pipe is observed ahead of liftoff. In image  the unwinding of the pipeline has 
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been completed, with most of it being nearly straight but a bent section separates the part 
that was reeled with that on the left that was not. 
 
Table 4.1 Base case main geometric and material parameters 
D in 
(mm) 
t in  
(mm) 
D
t  
ρ in 
(m) 
 E Msi 
(GPa) 
σo  ksi 
(MPa) 
To kips 
(tonne)
 
12.75 
(323.9) 
0.600 
(15.2) 21.25 
324 
(8.23) 
30.0 
(207) 
60.0 
(414) 
1374 
(623) 
 
Reeling and unreeling plasticize and ovalize the pipe. The discontinuity causes in 
addition local distortion to the pipe shape and cross section. The axial shape distortion 
will be represented by local changes in curvature, and cross sectional changes will be 
represented by the changes in diameter. To this end, in the neighborhood of the 
discontinuity we will be monitoring the shell mid-surface curvature, 1/κ κ , the change in 
diameter in the plane of bending, /D D∆ , and the equivalent plastic strain in the shell 
generator at the top, εe
p
, where the normalizing variables are: κ1 = t / Do
2
, oD D t= − . 
Each will be plotted over a 10D long section that spans the discontinuity first during 
winding (configuration ) and second after unwinding (configuration ); the 
discontinuity is located at s = 0 with the reduced thickness pipe extending for s ≥ 0). 
Accordingly, Fig. 4.4a shows the effects on the local curvature, Fig. 4.4b plots the 
induced local change in diameter and Fig. 4.4c the changes in the equivalent plastic 
strain. The local curvature is calculated using a three point centered average of the 
deformed coordinates of the element nodes at the mid-surface of the shell. 
Figure 4.4a demonstrates that, for the present problem parameters, during winding 
a 2D long section of pipe at the discontinuity suffers a rather large local increase in 
curvature, whereas the pipe on either side of it is at a normalized curvature of less than 1, 
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the value that corresponds to the reel curvature. During unwinding, the section of interest 
becomes nearly straight as observed in image  and the values of κ / κ1  at the ends of 
the section; however, the local "kink" introduced during winding remains but with a 
reduced amplitude.  
Figure 4.4b portrays the local distortion of the cross section caused by the 
discontinuity. It takes the form of excessive ovalization (note the lower ∆D/D on either 
end with the value on the thinner pipe on the right being somewhat higher). It is 
accompanied by a local bulge that is clearly seen in the deformed configuration of this 
neighborhood of the pipe shown in Fig. 4.3b. The same image also shows a section about 
3D long to have lifted off the reel, apparently a result of excessive local curvature that 
developed. Unreeling reduces the ovalization on both sides of the discontinuity but, as 
expected, a residual amount remains (Corona and Kyriakides [1991], Kyriakides [2016], 
Liu et al. [2017]). The local distortion at the discontinuity is also reduced and is not 
visible in the corresponding image in Fig. 4.3b.  
The plots of the equivalent strain in the top generator in Fig. 4.4c demonstrate its 
plastification as it conformed to the reel curvature, but the discontinuity causes a 
significant additional local strain concentration. It is interesting to note that straightening 
the pipe increases the plastic strain in this generator everywhere and adds significantly to 
the local strain concentration (reflected also in the unreeled configuration in Fig. 4.3b). 
Clearly such strain concentrations can be dangerous and must be controlled. 
In the sections that follow we will discuss how the various parameters of the 
problem affect such local distortions introduced by a discontinuity in the pipeline, in 
some cases causing local buckling. 
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4.2.2 Effect of Back Tension 
The value of back tension used during reeling affects the curvature of the 
transition section adjacent to the point of contact with the reel. It will be shown that 
higher tension tends to reduce the local disturbances caused by discontinuities such as the 
ones described in Section 4.2.1. However, tension tends to also increase the ovalization 
of the whole pipeline during reeling and, as a result, cannot be applied arbitrarily 
(Kyriakides and Mok [1992], Kyriakides [2017], Liu et al. [2017]). Here we examine 
how the back tension affects the neighborhood of the discontinuity. We perform 
reeling/unreeling simulations at tension levels of 0.01To , 0.02To ,  and 0.05 oT  using the 
same pipe geometric and material parameters as well as the reel radius as those in Table 
4.1. A thickness discontinuity of ∆t = 0.1t  is adopted. Figure 4.5 compares: (a) the 
variation in curvature, (b) the change in ∆D/D, and (c) and the induced strain in the 
neighborhood of the discontinuity in the wound state (i.e., corresponding to image  in 
Fig. 4.2). Figure 4.5a demonstrates that the local curvature disturbance reported in Fig. 
4.4a is reduced when the tension is increased to 0.05 oT  but is aggravated significantly 
for 0.01 oT T=  causing the pipe to develop a very severe local shell-type buckle as 
shown in Fig. 4.6a. The movie in Appendix A of Liu and Kyriakides [2017] demonstrates 
that the buckling occurs just as the discontinuity is approaching the reel. The back 
tension, which tends to reduce the local curvature keeping the pipe in contact with the 
reel, is too low in this case, which allows the curvature to increase resulting in the local 
buckle. The buckle can be seen in Fig. 4.6 that compares the local deformed 
configurations in the neighborhood of the discontinuity for the three tension values. 
Buckling results in a significant local drop in moment capacity causing the neighborhood 
of the buckle to lift off the reel. By contrast, while under tension of 0.02 oT T=  the 
section with the discontinuity lifts off the reel as shown in Fig. 4.6b, it survives the 
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wind/unwind cycle. The image of Fig. 4.6c, corresponding to the highest tension of 
0.05 oT T= , shows the pipe to be in nearly perfect contact with the reel during winding. 
Two more detailed views of the buckle appear also in Fig. 4.7. It is located in the 
thinner section of pipe next to the discontinuity. It has developed from localized 
wrinkling, consisting of a sharp inward kink accompanied by a protrusion (e.g., compare 
with images of local bending buckles in Ju and Kyriakides [1992] and Corona et al. 
[2006]). The local strains in the high curvature parts of the wrinkles are large enough to 
cause catastrophic rupture. Even if such a buckle survives during winding, it will almost 
definitely rupture if an attempt is made to straighten the damaged section (e.g., see Das et 
al. [2008]). (Note that a failure criterion and a finer mesh will be required for establishing 
if such buckles will result rupture.) 
In Fig. 4.5b the highest tension is shown to decrease the local disturbance in 
∆D/D. But, at the same time, ∆D/D increases in the uniform sections on either side of the 
discontinuity. Of course, for 0.01 oT  the local buckle results in a very severe increase in 
local ∆D. In Fig. 4.5c, the buckle that develops at the lowest tension causes also a very 
significant local increase in the plastic strain at the top generator while at the highest 
tension the disturbance caused by the discontinuity is reduced.  
Figure 4.8 shows the corresponding plots following unreeling. Straightening the 
case with tension 0.01 oT  that buckled is not attempted. Unwinding straightens the pipe 
and this reduces the local curvature disturbance for the other two tension levels, but the 
residual value remains rather large for 0.02 oT  (Fig. 4.8a). The ovality disturbance is 
also reduced for both tension levels but, as expected, a residual value remains on both 
sides of the discontinuity (Fig. 4.8b). It is noteworthy that the residual ovality is larger for 
the higher tension. By contrast, Fig. 4.8c shows that straightening results in an increase in 
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the plastic strain for both tension levels. This increase is also reflected in the deformed 
image in Fig. 4.6c. 
4.2.3 Effect of Thickness Discontinuity 
The effect of the amplitude of the thickness discontinuity during reeling/unreeling 
is evaluated for the same pipe and reel parameters, at a tension level of 0.025 oT T=  for 
the following values: / {0.025, 0.05, 0.10, 0.125}t t∆ = . Figure 4.9 shows plots of the 
local curvature, change in diameter and plastic strain in the top generator in the 
neighborhood of the discontinuity in the reeled condition. Figure 4.10 shows the same 
variables after the pipelines are unreeled. All values of ∆t discontinuity cause local 
disturbances in curvature (Fig. 4.9a); the disturbance is very small for 0.025t , somewhat 
larger for 0.05t , and quite significant for 0.1 .t  The image in Fig. 4.11a shows that a 
local bulge has developed for this value of ∆t = 0.1t. In the case of 0.125t
 
the bulge is 
even larger, appearing approximately as a local buckle. As a consequence, the local 
moment capacity has been reduced significantly and the pipe has locally lifted off the 
reel. Accordingly the local curvature in Fig. 4.9a is off the scale. This constitutes a 
significant local damage to the structure that would be hard to detect in an actual 
operation. It will however affect the integrity of the line during unreeling. 
All four ∆D/D plots in Fig. 4.9b show the same values away from the 
discontinuities. The two lower values of ∆t cause rather small disturbances in ∆D, but for 
0.1t
 the presence of the local bulge is reflected as a significant disturbance. For 0.125t  
the much larger bulge again throws the local ∆D off the scale. The strain plots in Fig. 
4.9c show similar trends; the local disturbance is small for the two lower values of ∆t, 
quite significant for 0.1t  and large for the largest thickness discontinuity. 
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When the pipes are unwound, the local curvature is reduced to very small values 
for the two smaller ∆t but a certain amount of local disturbance remains for 0.1t  (Fig. 
4.10a). By contrast, for 0.125t  the local damage inflicted to the pipe during winding 
was too large and, on the way to getting straightened, collapsed by developing a sharp 
kink at the discontinuity shown in Fig. 4.11b. The ∆D/D plots in Fig. 4.10b show residual 
ovality after straightening with small differences between the thicker and thinner sides. 
The discontinuities produce only small local disturbances for the two lower values of ∆t 
and a larger one for 0.1t . The strain plots in Fig. 4.10c show an increase in the local 
strain of the top generator for the three cases considered, with the residual local strain 
being larger for 0.1t .  
In summary, the results indicate that for this pipe/reel system, the combination of 
0.1t t∆ =
 and 0.025 oT T=  appears to be on the boundary of being reelable while pipes 
with larger thickness discontinuities are not. 
4.2.4 Effect of the Constitutive Model Adopted 
For many calculations involving inelastic mechanical behavior of pipelines, 
isotropic hardening suffices. In the case of the reeling installation process, unwinding a 
reeled pipeline and straightening it involve unloading and reverse loading that bring into 
play the Bauschinger effect of the material response. As illustrated in the uniaxial setting 
in Fig. 2.2, isotropic hardening does not capture the rounding exhibited on reverse 
loading. In this section we examine the effect of this stiffer material model on the 
reeling/unreeling process through an example. It has the same basic pipe and material 
parameters as those in Table 2.2 with a pipe thickness discontinuity of ∆t = 0.1t , 
wound/unwound at a back tension of 0.05 oT T= . The calculation is performed first with 
the nonlinear kinematic model outlined in Section 2.1 and then using isotropic hardening. 
 78 
Figure 4.12 compares predictions of the local disturbances in curvature, change in 
diameter, and strain during reeling using the two constitutive models. Figure 4.13 
compares the corresponding values after the pipes are unreeled. Both models predict the 
expected disturbance in curvature caused by reeling (Fig. 4.12a) but the disturbance is 
somewhat larger for isotropic hardening. The disturbance in ∆D is also more pronounced 
(Fig. 4.12b) while the ovality of the pipe away from the disturbance is smaller (see 
similar effect in Corona and Kyriakides [1988] using a different kinematic hardening 
model). Isotropic hardening causes also a slightly larger local increase in strain in the 
tensioned generator also (Fig. 4.12c). The differences here are not that large and further 
evaluation of which is actually closer to an actual application can only come from a 
careful experiments (e.g., Kyriakides and Mok [1992], Kyriakides [2016]).  
A much more significant difference is observed on unreeling (Fig. 4.13). Whereas 
kinematic hardening shows the disturbance in curvature (Fig. 4.13a), ∆D (Fig. 4.13b) and 
plastic strain (Fig. 4.13c) to get reduced, isotropic hardening predicts the pipe to buckle at 
the discontinuity as demonstrated by the deformed configurations in Fig. 4.14. This of 
course causes the plots of the three disturbances in Fig. 4.13 to go off the scales. Due to 
the change in direction of the applied moment during straightening, the buckle is again on 
the top side of the pipe. Clearly this drastic difference in behavior is the result of the 
much stiffer material response of the isotropic hardening model on reverse loading. 
Although the problem parameters in this example were chosen to illustrate the buckling 
vs. no buckling outcome of using the two constitutive models, the results indicate that 
isotropic hardening is inappropriate for reeling and should be avoided. 
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4.2.5 Effect of Yield Stress Discontinuity 
As mentioned in the introduction, pipes for offshore applications are produced to 
a minimum specified longitudinal yield stress. Small differences in the thermomechanical 
processing through which the pipes are produced invariably result in variations in yield 
stress even for pipes originating from the same heat. Thus, discontinuity in yield stress in 
adjacent stings of pipe in a pipeline is inevitable and must be considered. Realizing that 
girth welds and the associated heat affected zones tend to complicate such joints, we 
idealize them as a sharp difference in yield stress as shown Fig. 4.15. Here we examine 
the effect of such yield stress discontinuities on a reeling/unreeling cycle using the 
pipe/reel parameters in Table 4.1, a tension of 0.025 oT , and the following values of 
yield stress differences: ∆σ o / σ o ={0.05,0.10,0.15}.  Figure 4.16 shows the local 
effects of the three yield stress discontinuity values on the usual variables during reeling, 
and Fig. 4.17 the corresponding ones during unreeling. For 0.05σo  the discontinuity 
has a minimal effect on all three variables. A discontinuity of 0.1σo  has a more 
pronounced but still small local effect on all three variables (see also corresponding 
deformed image in Fig. 4.18a). By contrast, when the discontinuity is increased to 
0.15σo  the pipe develops a local bulge that is displayed in Fig. 4.18b. Apparently the 
local bending rigidity has declined causing the neighborhood of the discontinuity to lift 
off the reel. The combined effect is a significant disturbance in the curvature, a 
corresponding one in ∆D/D with the local strain increasing to nearly 10%. Clearly, this is 
a dangerous development for the pipeline.  
The dangerous situation becomes more critical on unreeling when the pipe 
buckles at the discontinuity as demonstrated in Fig. 4.18b. For the other two discontinuity 
values the reeling/unreeling leaves behind small disturbances in curvature and ovality 
whereas the strain disturbance for 0.1σo  reached a level of about 6%, which of course is 
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large enough to require a more detail failure analysis. The results for 0.15σo  are very 
similar to those of the thickness discontinuity of ∆t = 0.125t  in Figs. 4.9-11. In both 
cases a bulge developed during reeling which lead to a local buckle during unreeling. In 
both cases straightening causes the buckle to occur on the opposite side of the initial 
bulge. Clearly, these and additional results indicate that a yield stress discontinuity is 
equally detrimental as a thickness discontinuity and deserves similar attention in 
designing a pipeline reeling protocol. 
4.2.6 Effect of Reel Radius 
The bending strain induced by reeling depends on the ratio of the pipe diameter 
and the diameter of the reel (Eq. (3.1)). The bending strain in turn affects the disturbance 
caused by a discontinuity in thickness or yield stress in the pipeline. So here we compare 
results for the base case pipe geometric and material properties that is first 
reeled/unreeled on a 324 in (8.23 m) radius reel at a tension of 0.025To  with one that is 
reeled on a 286 in (7.26 m) radius reel. The pipelines have a thickness discontinuity of 
∆t = 0.05t . Figure 4.19 compares the effects of the discontinuity on the local curvature, 
ovality and strain in the reeled condition and Fig. 4.20 the corresponding results after 
unreeling. The disturbance in curvature for the pipe on the smaller radius reel is seen in 
Fig. 4.19a to have the same amplitude as that of the base case but is shifted to the higher 
curvature imposed by the smaller ρ. The ovality is also increased by the tighter radius but 
the amplitude of the local disturbance at the discontinuity is not changed (Fig. 4.19b). 
The strain in the most tensioned generator increases in accordance with Eq. (3.1), but 
again the amplitude of the local disturbance does not change (Fig. 4.19c). Unreeling 
results in somewhat larger residual curvature (Fig. 4.20a), residual ovality (Fig. 4.20b) 
and residual plastic strain (Fig. 4.20c) than for the larger reel radius but the amplitudes of 
 81 
the local disturbances are quite similar. Overall, a smaller reel radius induces larger 
curvature, ovality and bending strain and thus discontinuities such as the ones considered 
in this study tend to have more severe consequences. Clearly an increase in pipe diameter 
has a similar effect as change in the reel radius so this is not attempted here. 
4.2.7 Effect of Pipe Wall Thickness 
The pipe D/t affects the extent to which it can be bent free of wrinkling or local 
buckling instabilities (Ju and Kyriakides [1992], Kyriakides and Corona [2007]). In this 
section we compare reeling/unreeling results for the base case pipe geometric, material 
properties and reel radius, to those of a pipeline with the same diameter but a wall 
thickness of 0.708 in (18.0 mm) so that the D/t is lowered to 18.0. We wind/unwind the 
two pipelines at T = 0.025To , which implies that a higher net tension level is applied to 
the thicker pipe. The two pipelines have a thickness discontinuity of ∆t = 0.05t , which 
again implies a larger net value of ∆t for the thicker one. Figure 4.21 compares the effects 
of the discontinuity on the local curvature, ovality and strain in the reeled condition, and 
Fig. 4.22 the corresponding results after unreeling. The curvature imposed to the two 
pipes by the reel away from the discontinuity is the same. The difference observed in Fig. 
4.21a is introduced by the change in the normalizing variable κ1 = t / Do
2
. The 
disturbance in curvature at the discontinuity is however somewhat smaller for the thicker 
pipe. In Fig. 4.21b the additional thickness reduces the ovality induced by conforming to 
the reel curvature, and the amplitude of local disturbance at the discontinuity is reduced 
somewhat also. The strain in the most tensioned generator depends mainly on the 
diameter, so since the diameters of the two pipes are the same the strain is the same 
including the disturbance at the discontinuity (Fig. 4.21c). 
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Unreeling and straightening leaves behind a larger local curvature disturbance for 
the thinner wall pipe (Fig. 4.22a). The residual ∆D is also smaller for the thicker wall 
pipe and so is the residual local disturbance in this variable (Fig. 4.22b). The residual 
strain in Fig. 4.22c is at very similar levels for the two pipes.  
Overall, as expected, increasing the wall thickness of a pipeline of a given 
diameter tends to reduce the disturbance caused by discontinuities and the overall 
degradation of the pipe. 
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Figure 4.1 Geometry of the reel/pipeline finite element model. 
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Figure 4.2 Calculated pipeline configurations during reeling 
- and unreeling 	 &  
for the base case parameters: T = 0.02To , ∆t = 0.1t . 
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(a) 
 
 
(b) 
 
Figure 4.3 (a) Schematic of idealized wall thickness discontinuity. (b) Pipe deformed 
configurations of the neighborhood of the discontinuity after reeling (top) and after 
unreeling (bottom) for the base case parameters. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.4 Effect of thickness discontinuity of ∆t = 0.1t  on: (a) the mid-surface 
curvature, (b) change in diameter in the plane of bending and (c) equivalent plastic strain 
on the pipe generator at the top after reeling and unreeling for the base case parameters. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.5 Effect of back tension on: (a) mid-surface curvature, (b) change in diameter 
and (c) equivalent plastic strain after reeling for ∆t = 0.1t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.6 Pipe deformed configurations of the neighborhood of the discontinuity after 
reeling (top) and after unreeling (bottom) corresponding to results in Figs. 4.5 and 4.8 for 
T = (a) 0.01To , (b) 0.02To  and (c) 0.05To. 
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Figure 4.7 Expanded views of the buckle that developed during reeling for T = 0.01To  
in Fig. 4.6a. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.8 Effect of back tension on: (a) mid-surface curvature, (b) change in diameter 
and (c) equivalent plastic strain after unreeling for ∆t = 0.1t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.9 Effect of thickness discontinuity on: (a) mid-surface curvature, (b) change in 
diameter and (c) equivalent plastic strain after reeling for T = 0.025To . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.10 Effect of thickness discontinuity on: (a) mid-surface curvature, (b) change in 
diameter and (c) equivalent plastic strain after unreeling for T = 0.025To . 
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(a) ∆t = 0.1t  
 
(b) ∆t = 0.125t  
 
Figure 4.11 Pipe deformed configurations of the neighborhood of the discontinuity after 
reeling (top) and after unreeling (bottom) corresponding to results in Figs. 4.9 and 4.10 
for ∆t =  (a) 0.1t  and (b) 0.125t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.12 Effect of constitutive model on: (a) mid-surface curvature, (b) change in 
diameter and (c) equivalent plastic strain after reeling for isotropic hardening and 
nonlinear kinematic hardening for T = 0.05To  and ∆t = 0.1t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.13 Effect of constitutive model on: (a) mid-surface curvature, (b) change in 
diameter and (c) equivalent plastic strain after unreeling for isotropic hardening and non-
linear kinematic hardening for T = 0.05To  and ∆t = 0.1t . 
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(a) Kinematic Hardening 
 
(b) Isotropic Hardening 
 
Figure 4.14 Pipe deformed configurations of the neighborhood of the discontinuity for (a) 
kinematic hardening and (b) isotropic hardening. Top images correspond to reeling in 
Fig. 4.12 and bottom ones to unreeling in Fig. 4.13. 
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Figure 4.15 Schematic of idealized yield stress discontinuity. 
  
 98 
 
(a) 
 
(b) 
 
(c) 
Figure 4.16 Effect of yield stress discontinuity on: (a) mid-surface curvature, (b) change 
in diameter and (c) equivalent plastic strain after reeling for oTT 025.0= . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.17 Effect of yield stress discontinuity on: (a) mid-surface curvature, (b) change 
in diameter and (c) equivalent plastic strain after unreeling for oTT 025.0= . 
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(a) ∆σo = 0.1σo  
 
(b) ∆σo = 0.15σo  
 
Figure 4.18 Pipe deformed configurations of the neighborhood of the discontinuity for (a)
∆σo = 0.1σo  and (b) ∆σo = 0.15σo . Top images correspond to reeling in Fig. 4.16 and 
bottom ones to unreeling in Fig. 4.17. 
  
 101 
 
(a) 
 
(b) 
 
(c) 
 
Figure 4.19 Effect of reel radius on: (a) mid-surface curvature, (b) change in diameter and 
(c) equivalent plastic strain after reeling for T = 0.025To  and ∆t = 0.05t . 
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(a) 
 
 
(b)  
(c) 
 
Figure 4.20 Effect of reel radius on: (a) mid-surface curvature, (b) change in diameter and 
(c) equivalent plastic strain after unreeling for T = 0.025To  and ∆t = 0.05t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.21 Effect of D/t on: (a) mid-surface curvature, (b) change in diameter and (c) 
equivalent plastic strain after reeling for T = 0.025To  and ∆t = 0.05t . 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.22 Effect of D/t on: (a) mid-surface curvature, (b) change in diameter and (c) 
equivalent plastic strain after unreeling for T = 0.025To  and ∆t = 0.05t . 
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Chapter 5: REELING OF PIPE WITH LÜDERS BANDS5  
Lüders banding is a dislocation governed material instability, which 
macroscopically manifests as discontinuous deformation. Bending of tubes with a 
material that exhibits Lüders banding (see Hallai and Kyriakides [2011a, 2011b]) results 
in banded, localized deformation organized in diamond-shaped pockets on the tensioned 
and compressed sides of the tube. Furthermore, the Lüders-deformed section exhibits 
higher ovalization and curvature than the rest of the structure. Under deformation 
controlled bending, the higher deformation and curvature tend to propagate until the 
whole length of the structure is so deformed. As a consequence of the clustering of 
Lüders bands, the ovalization develops axial undulations. Such undulations can act as 
imperfections in subsequent, particularly compressive, loadings of the structure. 
In this chapter, the effect of Lüders banding on a reeled pipe is examined 
numerically. As the pipe approaches the reel, it bends and eventually conforms to the reel 
surface and comes in contact with it. The length of the line where it transitions into reel 
curvature is controlled by the back tension applied by the tensioner mounted on the 
installation ramp (see Fig. 1.1 and Kyriakides and Corona [2007]). Consequently, the 
transition length of pipe close to the point of contact sees a variable curvature. 
Furthermore, contact with the reel is thought to provide some support that may delay 
collapse. The objective of this investigation is to understand how these differences from 
pure bending affect the mechanical behavior and integrity of a pipeline that exhibits 
Lüders banding. The problem is studied using a large-scale three-dimensional finite 
element framework similar to the ones presented in Chapters 3 and 4. The material is 
                                                 
5
 Liu, Y., Kyriakides, S. and Hallai, J.F. (2015). Reeling of pipe with Lüders bands. Int’l J. Solids 
Structures, 72, 11-25. (The author implemented the constitutive model, conducted the numerical 
simulations, and analyzed the results.) 
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modeled using a stress–strain response with a negative slope over the extent of the Lüders 
deformation. The effects of problem variables such like the Lüders strain, the applied 
tension, the ratio of the reel diameter to that of the pipe, and the pipe diameter-to-
thickness ratio on the pipe mechanical behavior is examined.  
5.1 LÜDERS BANDING 
 Lüders banding is a material instability that can be microscopically explained 
using dislocation dynamics. Cottrell and Bilby [1949] attributed the upper yield stress to 
the pinning of dislocations by carbon and nitrogen atoms that tend to form “atmospheres” 
around them. They postulated that initial yielding requires a higher stress to pull the 
dislocations out of their atmospheres, but once released, they can be moved by a lower 
stress. The reappearance of Lüders strain following mild heat-treatment (strain aging) 
that allows impurities to migrate and repin the dislocations supports this concept. 
Johnston and Gilman [1959] attributed the initial load drop to multiplication of 
dislocations. Indeed, simple considerations of dislocation motion put forward initially by 
Johnston and Gilman, and further exploited by Hahn [1962], demonstrated that up-down-
up stress-strain responses like ones measured in LiF crystals could be derived from such a 
premise (see also Johnston [1962]).  
 A simple demonstration of the macroscopic effects of Lüders banding is 
illustrated in Fig. 5.1 that shows results from a tensile test on a strip of low carbon steel 
(LCS) pulled at a constant displacement rate of  ( L ≡ length of the test 
section; from Hallai and Kyriakides [2013]). Figure 5.1a shows the recorded nominal 
stress-normalized displacement response and Fig. 5.1b a set of full field contours of axial 
strain recorded with digital image correlation (DIC). The response rises elastically to a 
stress peak (σU ) and is followed by a stress plateau (σ L ) that extends over a strain of 
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∆εL  (Lüders strain). Following the initial load maximum, deformation localizes on the 
left-hand side (LHS) of the specimen and gradually propagates to the right while the load 
remains essentially unchanged. Two deformation regimes co-exist in the test section as 
the stress plateau is traced: on the right the specimen is essentially elastic with a strain 
that corresponds to the beginning of the stress plateau while the left section is plastically 
deformed to the strain that corresponds to the end of the extent of the plateau (~2.65%). 
An inclined front that propagates to the right at a velocity  separates the two 
deformation regimes. When the whole specimen is Lüders deformed, the material starts 
hardening and subsequently the test section deforms uniformly. Similar results produced 
without the quantitative benefit of DIC can be found in Butler [1962], Hall [1970], 
Kyriakides and Miller [2000], and Loucheand Chrysochoos [2001] among others; results 
using other full-field deformation monitoring methods are not reviewed for brevity. It is 
well established that Lüders variables {σU ,σ L , ∆εL } depend on the alloy content, grain 
size, strain rate and temperature. Furthermore, these factors influence also the localization 
patterns that develop.  
5.1.1 Modeling of Lüders Banding 
 A physically based constitutive model of Lüders instability is challenging because 
of the number and complexity of factors that govern its extent. Generalization of the 1-D 
dislocation multiplication model of Hahn [1962] associated with the first load drop by 
Shioya and Shioiri [1976], and its further exploitation by Yoshida et al. [2008] are 
noteworthy but require empirical adjustments for them to be implemented in structural 
analyses (see also Yoshida [2000]). Kyriakides and co-workers have followed a more 
phenomenological but equivalent approach that introduces an unstable material response 
over the extent of the Lüders stress plateau as shown in Fig. 5.2 (e.g., see Shaw and 
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Kyriakides [1998], Tsukahara and Iung [1998], Kyriakides and Miller [2000], Corona et 
al. [2002], Aguirre et al. [2004], Kyriakides et al. [2008], Zhang et al. [2008], Hallai and 
Kyriakides [2011b]). The initial elastic part of a measured response is adopted; it 
terminates at the upper yield stress that is ∆σ / 2  higher than the measured stress 
plateau. It is followed by a linear softening branch whose termination point at the end of 
the plateau is at a level that makes the areas of the two shaded triangles equal (i.e., σ L ≡  
Maxwell stress, Ericksen [1975], Kyriakides [2001], Abeyaratne and Knowles [2006]). 
Beyond this point, the fit follows the hardening part of the measured stress-strain 
response. Hallai and Kyriakides [2013] recently extracted the “underlying material 
response” of a LCS over the Lüders affected regime (see also Shioya and Shioiri [1976]). 
It provides an estimate of σU  and confirms the softening nature of the underlying 
response. Although the actual trajectory of the softening branch is nonlinear, this 
difference from the assumed linear softening was found not to play a significant role in 
the induced localization patterns that develop in the problems considered. We thus 
continue to represent the material response as illustrated in Fig. 5.2 with its slope 
calibrated in the manner described in the next section.  
5.2 ANALYSIS 
5.2.1 Finite Element Model 
The process of winding a pipe onto a circular drum was modeled in ABAQUS as 
follows. The reel is represented as a circular rigid surface of radius Rr . One end of a 
long section of pipe (100D for the cases presented) is connected to the reel as shown in 
Fig. 5.3 while its other end is placed between rollers that prevent vertical but allow free 
horizontal motion of the line. A constant level of tension (T) is applied on the left end, 
and the line is wound by applying incrementally a rotation (φ) to the reel.  
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 It has been previously demonstrated that during bending of a tube Lüders banding 
manifests as inclined narrow bands of localized deformation with jumps in strain of the 
order of the Lüders strain. Capturing such events requires a fully 3-D discretization and a 
fine mesh. Although this choice is not unique, we have found ABAQUS’s incompatible 
elements C3D8I best suited for the problem (Aguirre et al. [2004], Kyriakides et al. 
[2008], Hallai and Kyriakides [2011b]). These are linear elements enhanced to allow for 
the deformation gradient inside the element to vary while displacement continuity is 
maintained (see Wilson et al. [1973], Ortiz et al. [1987], Nacar et al. [1989], Simo and 
Armero [1992]).  
 Symmetry about the plane of bending allows consideration of one half of the pipe 
cross section. Two mesh densities and element types are adopted: a very fine mesh of 
C3D8I elements for the length of pipe that will be wound onto the reel (15D), and a 
courser mesh of C3D8 elements for the rest of the pipe (85D). The 15D length that comes 
in contact with the reel is sufficient to ensure that the effects of Lüders banding on the 
pipe reach steady state. The length of the section that remains straight is chosen to ensure 
that the interaction of the pipe with the reel at the point of first contact is representative of 
actual operations. The following mesh densities were arrived at from convergence studies 
aimed to ensure the veracity of the banded deformation patterns that develop: 
The finer mesh section has 2 elements across the thickness, 72 elements around 
the half circumference, and 40 elements per pipe diameter along the length. In the case of 
the main pipe dimensions used in this study (see top row of Table 5.1), this distribution 
provides for a nearly isotropic mesh on the surface of the pipe. This mesh density is fine 
enough to capture the bands of localized deformation that develop, which is one of the 
main goals of the study. The courser mesh length has 2 elements across the thickness, 18 
elements around the half circumference, and 4 elements per diameter in the axial 
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direction. The end of the model on the RHS is "connected" to the reel by kinematically 
coupling all translational and rotational degrees of freedom of the nodes in the pipe end 
cross section to a reference node on the rigid surface. 
 The reel was modeled as an analytical rigid surface. Contact with the deformable 
pipe is modeled using a strict “master-slave” algorithm of ABAQUS, with the reel 
surface as the master and the pipe as the slave surface. The contact is frictionless but 
“finite sliding” is allowed between a contact pair. An exponential “softened” contact 
pressure-overclosure relationship is used with 500 psi (3.4 MPa) and 0.0001 in (0.00254 
mm) being representative pressure and clearance values respectively. 
 The material is modeled as a finitely deforming J2-type elastic-plastic solid that 
hardens/softens isotropically. The model is calibrated to the true stress-logarithmic strain 
version of a non-monotonic stress-strain response like the one shown in Fig. 5.2. The 
induced softening is mild and terminates within a few percent of deformation. 
Consequently the problem’s mesh sensitivity is limited. Despite this, a “mild” rate 
dependence is introduced by incorporating the commonly used powerlaw expressed as: 
         (5.1) 
where  is a reference strain rate, Σ(ε p ) is the measured stress-strain response at this 
strain rate and m is the rate exponent typically chosen to be 0.001. 
5.2.2 Reeling Simulation 
The effect of Lüders banding on reeled pipe will now be demonstrated in detail 
through an example that involves a 12-inch pipe that is wound on a reel with a 300 in 
(7.62 m) radius. This arrangement induces a maximum bending strain of 2.08%, which of 
course plasticizes the pipe. The pipe has D/t = 24.0 and a material with a Lüders stress of
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σ L = 65 ksi (448 MPa), strain ∆εL = 2.5%  and a slope of the softening branch of 
′E = −0.12E  (see top row of Table 5.1). The reeling is performed with a back tension of 
T = 0.05To  that amounts to 66.2 kips (295 kN; To ≡  yield tension).  
Table 5.1 Major geometric and material parameters of example cases. 
D in 
(mm) 
t in 
(mm) 
D
t
 
E Msi 
(GPa) 
Lσ  ksi 
(MPa) 
∆σ
σ L
 
E
E
′−
 
L∆ε  
% 
rR  in 
(m) o
T
T
 
 
rad/s 
12.75 
(323.9) 
0.531 
(13.5) 24.0 
30 
(207) 
65.0 
(448) 0.14 0.012 2.5 
300 
(7.62) 0.05 0.001 
12.75 
(323.9) 
0.638 
(16.19) 20.0 
30 
(207) 
65.0 
(448) 0.14 0.012 2.5 
300 
(7.62) 0.05 0.001 
12.75 
(323.9) 
0.708 
(17.92) 18.0 
30 
(207) 
65.0 
(448) 0.14 0.012 2.5 
300 
(7.62) 0.05 0.001 
 
 The results of the reeling simulation are illustrated in Figs. 5.4-5.7. Figure 5.4 
portrays a set of seven configuration that show the pipe gradually coming into increasing 
contact with the reel which is rotated to an angle φ = 40.1o (0.70 rad). Superimposed on 
the deforming model pipe are contours of equivalent plastic strain. The contours clearly 
illustrate that Lüders banding results in clusters or pockets of deformation bands inclined 
to the axis of the tube. It is important to point out that for compatibility of deformation 
the bands necessarily affect the whole thickness of the tube. Each cluster of bands starts 
developing as the pipe is locally conforming to the curvature of the rigid surface. The 
bands are stronger, and affect a wider span of the cross section, in its upper half that 
experiences higher stress. These clusters of bands are periodic and are separated by 
relatively undeformed zones free of bands. Each cluster of bands at the top has a 
corresponding pocket on the bottom with the two cluster "centers" being diametrically 
opposite to each other. However, for this tension level, the lower half bands are weaker, 
cover a narrower angular span, and at least in the scale of the contours appear somewhat 
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more diffuse. By comparison, under pure bending the banded deformation pockets are 
more symmetric between the tensioned and compressed sides, they are nearly diamond 
shaped, and are not separated by space. These differences will be explained in the 
following sections. 
 The global bending history of the section of pipe being wound onto the reel is 
illustrated in Fig. 5.5. Figure 5.5a shows the slope of the mid-surface of the tube, θ (s) , 
plotted against the natural coordinate s along the axis of the tube for the seven 
configurations in Fig. 5.4. The value of θ (s)  plotted corresponds to the three-point 
average of the nodes along the mid-surface. Each trajectory is seen to start with θ (s) = 0
on the far RHS when the section is far away from the reel. It then smoothly transitions 
into a nearly linear trajectory that corresponds to the curvature of the reel (κ = dθ /ds) 
when it comes into contact with it. The constant curvature section increases as more pipe 
is wound on the reel going from configuration  to .  
 Figure 5.5b shows the corresponding normalized moment distributions along the 
15D fine mesh length of pipe for the same seven configurations. Here  
    
M = 2 zi
i=1
N
∑ Fi ,     (5.2) 
with Fi  representing the axial force acting on the i
th
 node on the cross section, iz  is its 
distance from the mid-surface of the tube, and Mo is the fully plastic moment of the 
section (= σ LDo2t) . Each trajectory starts with a relatively low moment while off the reel 
on the RHS. As a particular section approaches the reel, it gradually bends increasing the 
local moment. It reaches a maximum when it first contacts the surface of the reel. The 
moment maxima of trajectories  to , are all very close to Mo, which corresponds to 
the moment plateau that develops for such responses under pure bending (see Hallai and 
Kyriakides [2011a, 2011b]). The s location of the maximum moment is marked on the 
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corresponding θ - s trajectory with a symbol "" in Fig. 5.5a. It is seen to correspond to 
the point at which θ (s)  transitions to the value of dθ /ds that equals the curvature of the 
reel. The moment at a section in contact with the reel drops slightly as it moves around 
the reel and reaches a plateau with small undulations clearly seen in the moment 
trajectories of configurations , , and  in Fig. 5.5b.  
 In the way of presenting a more quantitative view of the deformation induced by 
the process, Fig. 5.6 shows plastic strain profiles along the top (T) and bottom (B) 
generators and along the tube mid-surface (M), corresponding to configurations ,  
and  (the reel rotation, φ, for each profile is listed in the figures). The top and bottom 
profiles exhibit the periodicity implied by the clustered nature of the bands of localized 
deformation while the mid-surface is seen to remain essentially plastically undeformed. 
Since the T and B profiles traverse the bands, both exhibit short wavelength undulations 
that are reminiscent of experimental observations of the banded nature of Lüders induced 
local deformation under pure bending (see Fig. 9 in Aguirre and Kyriakides [2004] and 
Fig. 17 in Hallai and Kyriakides [2011a]). Save for the first cluster that is influenced by 
the fixity of the tube end, the T strain clusters reach higher strain levels than the B ones 
and are separated by deeper valleys. The B profiles exhibit the somewhat more defuse 
character implied by the color contours in Fig. 5.4. Interestingly, the higher plastic strain 
peaks in the top reach levels that exceed 4%. We are reminded that the radius of the reel 
with which the pipe is in contact dictates a kinematic constraint of a maximum bending 
strain of 2.08%. Consequently, Lüders banding induced local deformation that is nearly 
double this value is incompatible with this constraint. This incompatibility is resolved by 
the banded clusters being separated by relatively undeformed sections of the tube so that 
the strain averages to the value imposed by the reel. The separation of the clusters is less 
severe on the bottom because here the Lüders induced strains are less severe. More 
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support for this mechanism will be provided in the next section in light of additional 
results. It is worth mentioning that taking the average of strains recorded in the top and 
bottom generators works out to essentially the bending strain imposed by the reel. 
 It is well known that bending induces ovalization to the pipe cross section 
(Brazier [1927], Kyriakides and Corona [2007]), and that reeling under tension tends to 
increase the ovalization. Since ovalization is a deciding parameter for the collapse 
pressure of the pipe, it is important that it be monitored. Figure 5.7 shows the evolution 
of the change in diameter of the pipe in the plane of bending ( /D D∆ ) along the length 
as it comes into contact with the reel. Shown are the axial profiles of /D D∆  that 
correspond to the seven reeled pipe configurations in Fig. 5.4. Relating the ovalization 
profiles to the slope and moment profiles along the length of the pipe in Fig. 5.5a, it is 
clear that ovality starts growing as the pipe approaches the point of contact with the reel 
and reaches an average value of about 2.5% soon after that. Hallai and Kyriakides 
[2011b] reported that Lüders banding influences the induced ovalization under pure 
bending. This is partly reflected here through the undulations exhibited in the ovality 
profiles. Ovality peaks correspond to the location of clusters of bands and valleys 
correspond to the sections between them that develop less strain.  
 To illustrate the evolution of Lüders bands and the formation of a cluster, we 
concentrate on the development of one cluster that occurs between reel rotations of
29.5o ≤ φ ≤ 32.7o . Figure 5.8 shows a sequence of seven expanded images of the affected 
section of pipe with superimposed contours of equivalent plastic strain. Plastic strain 
axial profiles of the top and bottom generators corresponding to these configurations are 
shown in Fig. 5.9. Included in each figure is the corresponding normalized moment 
profile. Image  shows a fully developed cluster on the right with the section next to it 
just coming into full contact with the reel. The corresponding strain profiles for both T 
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and B are also fully developed. Furthermore the moment maximum, which as mentioned 
above corresponds to the point of first contact of a section with the reel, is seen in Fig. 
5.9 to have moved further along. In image  inclined bands of localized deformation 
have initiated approximately 1.75D to the left of the center of the initial cluster. An 
associated spike in strain has appeared in image  with the moment maximum lagging 
slightly behind. In image 	 the bands at the top have strengthened and multiplied, and 
several weaker bands have appeared at the bottom in the space between the original 
cluster and the new one being formed. The moment maximum is now coincident with the 
position of the largest strain spike at the top. In image  the bands at the top have 
strengthened further and so have the ones at the bottom. The strengthening and increase 
in the number of bands at the top continues in configurations  and  but 
simultaneously bands have now appeared directly below the newly formed cluster. In 
image  the moment maximum has moved further downstream and the new cluster is 
fully developed both at the top and bottom. As reported earlier, the bottom bands are 
somewhat more diffuse than the ones at the top covering also some of the space between 
the two clusters on the top. 
 In summary, the aim of this simulation was to demonstrate and understand the 
development of banded localization induced by Lüders banding. A 12-inch pipe with D/t 
of 24 and a Lüders strain of 2.5% has been wound on a reel that induces a bending strain 
of about 2.08% at a tension of 0.05 oT . Lüders banding takes the form of inclined bands 
that organize themselves into clusters. For the case considered, because the local strains 
induced to the top of the pipe exceed the value imposed by the reel curvature, the clusters 
are separated by sections free of Lüders bands so that the bending strain averages out to 
the one imposed by the reel curvature. At the bottom the bands are somewhat more 
diffuse and exhibit a more regular distribution along the length. Again the strain along the 
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bottom generator averages out to the value imposed by the reel. The process induced an 
average ovalization of about 2.5% to the cross section, which in an external pressure 
collapse sensitive installation would be unacceptable. The clustering of localized 
deformation imposes axial undulations in cross sectional ovalization. Such undulations 
can act as imperfections in subsequent loadings of the structure. We emphasize that 
consideration of the possibility of wrinkling and collapse requires perturbation of the 
structure with appropriate geometric imperfections which is beyond the scope of the 
present study. 
5.3 PARAMETRIC STUDY 
We now examine the effects of various problem parameters of reeled pipe that 
exhibits Lüders banding on the localization patterns that develop and on other structural 
changes that result. 
5.3.1 Effect of Lüders Strain 
The extent of Lüders strain depends on factors like carbon and alloy content of the 
steel, thermomechanical processing of the pipe at the mill, etc., and can vary in finished 
seamless pipes. It is thus worth examining its effect on reeled pipe. To this end, we 
perform a series of reeling simulations using the 12-inch pipe listed in Table 5.1 with a 
similar X-65 stress-strain response in which the Lüders strain, ∆εL , is varied between 
1.0% to 3.5%. This is achieved by keeping the slope of the linear softening branch 
constant ( 0.12E E′ = − ) but varying ∆σ  as shown below so that the plateau stress, σ L , 
is kept at a constant level of 65 ksi (448 MPa) as shown in Fig. 5.10.  
 
∆εL (%) 1.0 1.5 2.0 2.5 3.0 3.5 
∆σ /σ L  0.056 0.084 0.112 0.140 0.168 0.196 
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 The reeling simulations are performed using the same model geometry and mesh 
presented in Section 5.2.1. The overall mechanical behavior is similar to the one reported 
for ∆εL = 2.5% , but the induced Lüders deformation patterns differ. Figure 5.11 shows 
the deformed configurations of six models with different values of L∆ε  after 
undergoing the same amount of reel rotation. Superimposed on each are contours of 
equivalent plastic strain. All have developed Lüders banding but the clustering of the 
bands, and the extent of the associated localized strain differ. Therefore, for clearer 
visualization a different color scale is adopted for each image. Figure 5.12 shows 
corresponding plots of plastic strain profiles along the top (T) and bottom (B) generators 
for each case.  
 The strain patterns and strain levels for ∆εL = 2.5%  are the same as in Figs. 5.4 
and 5.6. For ∆εL = 2.0% , the clustering of bands continues at the top but their spacing 
has been reduced. Concurrently, the clustering on the bottom has almost disappeared. The 
strain levels in the top bands have been reduced with the maximum value being around 
3.0% and a smaller amplitude of the strain undulations. This Lüders strain is closer to the 
bending strain imposed by the reel and this reduces the need for a longer zone of much 
smaller strain between the top pockets. At the bottom, the Lüders strain fluctuates around 
the value imposed by the reel. 
 Clusters of less intense bands are also visible at the top in the 1.5% Lüders strain 
configuration in Fig. 5.11, but here the space between them has almost disappeared. This 
is also reflected in the top strain profile in Fig. 5.12 while the one at the bottom is 
essentially linear and at the level imposed by the reel curvature. In fact, the relatively 
small undulations at the top are seen to also average out to the bending strain imposed by 
the reel. 
 118 
 When ∆εL  drops to 1.0%, Lüders banding still takes place resulting again in 
organized clusters. However, as illustrated in the corresponding configuration in Fig. 5.11 
and in the strain profiles in Fig. 5.12, the final result is a much more uniform deformation 
in the reeled section. A more detailed view of the ensuing events for this case is shown in 
Fig. 5.13 that shows expanded a set of configurations that show a section of pipe located 
between 9 < s / D <13 at different stages of reel rotation. This section contains the 
transition between reeled and unreeled pipe. In image , a length of 10.15D is in contact 
with the reel and is represented here by the section on the RHS whose upper and lower 
parts are plasticized to a strain approaching 2%. A pair of bands is just starting to emerge 
next to the plastically deformed section. The reel rotates and in images  and 	 the 
number of bands increases and become more intense. In images  and  the section 
with the cluster of bands is getting closer to contact with the reel and now bands are 
starting to cover the relatively undeformed section ahead of the initial cluster. In image 
, the bands although still distinct have joined the rest of the plasticized zone. Since the 
Lüders induced strain is significantly smaller than the bending strain imposed by the reel, 
the local strain must increase as the section comes into contact with the reel. The 
additional deformation takes the material into the hardening regime and is consequently 
homogeneous. Thus in image , this additional deformation overwhelms the banding 
and, at least on the top and bottom, deformation appears continuous. This is reflected in 
the nearly uniform strain at both the top and bottom seen in the corresponding profiles in 
Fig. 5.12. 
 In the two cases with Lüders strain higher than 2.5%, the deformation in the bands 
increases and the clusters become further separated by sections of very low strain. The 
local strains in the bottom bands increase also and group themselves into more distinct 
clusters.  
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 The main effect of the level of Lüders strain on the ovalization induced by reeling 
is that as it increases the cross section experiences larger amplitude undulations as shown 
in the change in diameter axial profiles in Fig. 5.14. At the same time the average value is 
not altered significantly. 
 In summary, as the Lüders strain increases, the local strain in the induced bands 
increases both at the top and bottom. The amplitude of the strain undulations increases 
and the clusters are separated by increasingly longer sections of relatively undeformed 
material. The periodicity of the clusters, as measured by the distance between the 
maximum strain recorded in each, goes from 1.14D for Lüders strain of 1.5%, to 1.54D 
for 2.5% and 1.80D for 3.5%. 
5.3.2 Effect of Tension 
The application of a small amount of back tension during a reeling operation has a 
stabilizing effect on the structure (e.g., see Liu and Kyriakides [2014]). It is thus worth 
examining the effect of the level of tension on a reeled pipe that exhibits Lüders bands. 
This will be examined through reeling simulations that involve the pipe and reel 
geometry of the base case listed in Table 5.1 with an X-65 material with ∆εL = 2.5% . 
The tension level is varied between 0.01 To  and 0.10To  and the results are summarized 
in Figs. 5.15-17. Figure 5.15 shows the deformed configurations of five models wound to 
the same angle on the reel, 40.1o, at different values of tension. Superimposed are again 
contours of equivalent plastic strain. Figure 5.16 shows plots of plastic strain profiles 
along the top (T) and bottom (B) generators for three of the five tension levels. The first 
observation is that increasing the tension increases the length of pipe that is in contact 
with the reel for the same reel rotation. Thus for tension of 0.01To  the contact length is 
12.55D, for 0.05To it is 13.98D and for 0.1To  is 14.55D. The Lüders banding at the 
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top is seen to be similar in intensity with the width of the clusters increasing somewhat 
with tension. The bands at the bottom appear somewhat less intense and of smaller 
amplitude as the tension increases while the clustering becomes more intense and more 
similar to the ones at the top. As expected, reeling under tension increases the ovalization 
of the pipe cross section. This effect is quantified in the plot of ∆D / D  vs. length in Fig. 
5.17 where the average ovalization is seen to increase from about 2% at 0.01To  to 
2.75% at 0.1To . The results also show that the amplitude of the undulations in 
ovalization not to change significantly with tension. 
5.3.3 Effect of Reel Curvature 
We next examine the effect of the curvature of the reel on the Lüders induced 
banded deformation. To this end the 12-inch pipe listed in Table 5.1 is wound onto reels 
with radii ( Rr ) of 400, 350, 300 and 250 in (10.16, 8.89, 7.62, 6.35 m). These 
combinations of pipe diameter and reel radius induce bending strains of 1.57%, 1.79%, 
2.08% and 2.49% respectively. The material is the same X-65 steel listed in Table 5.1 
with ∆εL = 2.5% and the tension level is 0.05To.  Figure 5.18 shows deformed 
configurations for each of the four cases with superimposed color contours of the 
intensity of plastic deformation. In each case the reel was rotated to the same degree 
bringing a length of φRr =16.47D  into contact. Figure 5.19 shows plots of the plastic 
strain profiles at the top and bottom generators for three of the cases. The amplitude of 
the strains in the bands is governed by the Lüders strain, which is constant, so it remains 
unchanged. However, the spacing of the clusters changes with Rr  going from 1.71D for 
the 400 in reel to 1.47D for the 250 in one. The reel-induced average bending strain 
decreases as the reel radius increases and, since the Lüders strain is the same, the spacing 
must increase. Some difference can be seen in the bands at the bottom; whereas for the 
 121 
250 in reel radius the banding is nearly continuous, for the larger Rr  the bands are 
organized into clusters that are separated by zones of small strain. In all cases both the 
strains at the top and bottom generators average out to the reel induced strains listed 
above. 
Figure 5.20 shows plots of the pipe ovalization induced by reeling for the four 
reel radii considered. As expected, decreasing the reel radius takes the pipe further into 
the plastic strain, resulting in larger change in diameter in the plane of bending and larger 
ovalization. Thus for reel radius of 400 in the average ovalization is approximately 1.5% 
whereas for 250 in it increases to about 3.2%. The undulations in the ovality also are 
affected so that for the larger Rr  each period has two undulations whereas for the 
smallest radius just one. 
5.3.4 Effect of Pipe D/t 
We next examine the effect of changing the pipe D/t on the induced Lüders 
deformations. The pipe and reel diameters are kept the same as in the base case but the 
thickness is changed so that the pipes have D/ts of 20 and 18 (see Table 5.1); these are 
values commonly used in offshore reeling installation operations. The material is 
modeled with the same X-65 non-monotonic stress strain response with ∆εL = 2.5% 
and the tension is 0.05To. Figure 5.21 compares deformed configurations for three D/t 
values. Since the pipe and reel diameters are the same, the induced bending strain for the 
three pipes is at the same level of 2.08%. The three cases were wound to the same reel 
angle (φ = 40.1o), however, a small decrease in the length that comes into contact with the 
reel is observed as the D/t decreases due to the increased bending stiffness of the pipe. 
The number of elements through the thickness of the models remains at two with the 
mesh on the surface of the pipe staying the same for the three cases. Thus, as the 
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thickness increases the aspect ratio of the elements increasingly deviates from its nearly 
isotropic nature for D/t = 24. At the top, the induced bands appear similar and are 
organized into similar clusters. This is also reflected in the strain profiles along the top 
generators plotted in Fig. 5.22. A small reduction in the extent of the top bands with D/t 
may be related to the differences in the meshes. The bottom bands appear stronger and 
more continuous for the higher D/t and the same trend is reflected in the strain profiles. 
The amplitudes of the strains at the top generator are nearly the same but the spacing of 
the clusters decreases from 1.55D for D/t of 24 to 1.44D for 18.  
 Figure 5.23 shows plots of the ovalization induced to each pipe by reeling. 
Increasing the pipe wall thickness reduces the change in diameter in the plane of bending 
and the ovalization. Thus, the change in diameter which is at a level of about 2.5% for D/t 
= 24 reduces to about 1.5% for D/t = 18. The amplitude of the ovality undulations is 
about the same but their period is reduced slightly as the D/t decreases in concert with 
that of the cluster of bands. 
5.4 MESH SENSITIVITY 
In the way of demonstrating the adequacy of the mesh adopted in the base case in 
Section 5.2.1 in capturing the Lüders banding induced by reeling, the simulation was 
repeated with a much finer mesh using a tension of 0.01 oT . The two nearly isotropic 
meshes used are compared in Fig. 5.24 that shows a 30° sector of the pipe cross section 
with a 0.5D length. In Fig. 5.24a the pipe is discretized with the two elements through the 
thickness and in Fig. 5.24b with four. Thus the finer mesh consists of 8 times more 
elements. The simulation and its main results are essentially identical for the two meshes. 
We have thus chosen to compare the detailed deformation in the cluster of bands at 
approximately s = 2D. Expanded views of the affected section of deformed pipe with 
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color contours of equivalent plastic strain superimposed are compared in Fig. 5.25. 
Figure 5.26 compares the strains along the top generator from the two meshes. The main 
features of bands in the two meshes are essentially the same and so is the location of the 
clusters. The strain contours show the bands to be somewhat more intense and to extend 
somewhat further out for the finer mesh. The strains at the top generator are also very 
similar. In view of the very significant increase in computation time required by the finer 
mesh, the small differences in the deformation bands are deemed to be of secondary 
importance as they do not change the main observations and conclusions of this study. 
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(a) 
 
 
(b) 
 
Figure 5.1 Results from a tensile test on a strip of a low-carbon steel that exhibits 
Lüders banding. (a) Measured stress-elongation response; (b) a set of corresponding DIC 
generated axial strain contours (from Hallai and Kyriakides [2013]). 
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Figure 5.2 Measured material stress-elongation response and stress–strain response adopted in the simulations 
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Figure 5.3 Problem geometry showing the pipe and reel in their initial positions. Shown also are the two meshes used to 
discretize the pipeline. 
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Figure 5.4 Deformed configurations of a 12-inch pipe at different stages of winding on 
the reel for 0.05 oT T= . Superimposed color contours represent the equivalent plastic 
strain developed in clusters of bands. 
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(a) 
 
(b) 
 
Figure 5.5 (a) Slope, θ(s), and (b) moment, M(s), along the pipe length at different stages 
of reel rotation. Trajectories correspond to configurations in Fig. 5.4. 
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Figure 5.6 Axial strain profiles of the top and bottom generators for three of the 
configurations in Fig. 5.4. 
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Figure 5.7 Ovalization along the pipe length at different stages of reel rotation. Trajectories correspond to configurations in 
Fig. 5.4. 
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Figure 5.8 Zoomed in configurations of a section of pipe with plastic strain contours 
superimposed showing the development of one cluster of bands. Images correspond 
to reel rotations o o29.5 32.7φ≤ ≤ . 
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Figure 5.9 Axial strain profiles of the top and bottom generators and moment 
distributions for four of the configurations in Fig. 5.8. 
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Figure 5.10 Partially unstable stress–strain responses for different values of L∆ε . 
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Figure 5.11 Deformed configurations of 12-inch pipe at the same reel rotation, calculated 
using different Lüders strains and 0.05 oT T= . Superimposed color contours represent 
the equivalent plastic strain developed. 
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Figure 5.12 Axial strain profiles of the top and bottom generators corresponding to the 
different Lüders strain configurations in Fig. 5.11. 
  
 136 
 
 
Figure 5.13 Zoomed in configurations of a section of pipe with plastic strain contours 
superimposed showing the development of plastic deformation for 1.0%L∆ε = . 
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Figure 5.14 Ovalization along the pipe length of reeled pipe for three values of Lüders strain and 0.05 oT T= . 
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Figure 5.15 Deformed configurations of 12-inch pipe at the same reel rotation for 
different values of back tension ( 2.5%L∆ε = ). Superimposed color contours represent 
the equivalent plastic strain developed. 
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Figure 5.16 Axial strain profiles of the top and bottom generators corresponding to three 
of the tension level configurations in Fig. 5.15. 
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Figure 5.17 Ovalization along the length of pipe reeled at different tension levels. 
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Figure 5.18 Deformed configurations of 12-inch pipe wound on reels of different radii to 16.47rR Dφ = . Superimposed color 
contours represent the equivalent plastic strain developed. 
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Figure 5.19 Axial strain profiles of the top and bottom generators corresponding to the 
configurations in Fig. 5.18 for four reel radii. 
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Figure 5.20 Ovalization along the length of pipe wound on reels of different radii. 
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Figure 5.21 Deformed configurations of 12-inch pipe with three different D/t values at the same reel rotation. Superimposed 
color contours represent the equivalent plastic strain developed. 
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Figure 5.22 Axial strain profiles of the top and bottom generators corresponding to the 
configurations in Fig. 5.21 for three pipe D/ts. 
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Figure 5.23 Ovalization along the length of pipes of different D/ts wound to the same reel rotation 
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(a) 
 
(b) 
 
Figure 5.24 Two nearly isotropic mesh densities considered for reeling pipe with Lüders 
bands: (a) Two elements and (b) four elements through the thickness. 
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Figure 5.25 Lüders band clusters developed in models with different mesh densities: (a) 
Two elements and (b) four elements through the thickness. 
  
 149 
 
 
Figure 5.26 Axial strain profiles of the top generators developed in models with two and four elements through the thickness. 
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Chapter 6: CONCLUSIONS  
The reeling installation process of offshore pipelines, as is practiced by modern 
reeling facilities, involves repeated elasto-plastic bending, unloading, and reverse 
bending of the pipe. The repeated excursions to plastic bending strains of 1-3% alter the 
material properties of the line and ovalize its cross section. Back tension, often applied in 
order to reduce the possibility of catastrophic local buckling by bending, tends to 
aggravate the cross sectional changes and elongates the pipe. The induced structural and 
material changes can be further agravated by geometric and material discontinuities in the 
pipeline and material instability in the form of Lüders banding. A large-scale numerical 
framework of reeling has been presented and used to study the effect of reeling on three 
related aspects of the process. This chapter summarizes the major conclusions drawn 
from each component of this study.  
6.1 EFFECTS OF REELING ON PIPE STRUCTURAL PERFORMANCE 
The effects of back tension applied during the reeling process were studied 
experimentally in Kyriakides and Mok [1992], and the results were recently summarized 
in Kyriakides [2017]. It was demonstrated that the changes in cross sectional geometry 
and material properties induced by reeling/unreeling cycles are strongly dependent on the 
applied back tension. In addition, the induced degradation of the pipe results in decreased 
collapse pressure. 
The present study used two modeling schemes to simulate the experiments and 
establish the geometric and material changes induced to a pipeline by repeated 
reeling/unreeling cycles. The first is a large-scale 3-D finite element model in which the 
pipe is modeled as a shell. The model includes proper treatment of contact and nonlinear 
kinematic hardening plasticity based on Chaboche's model (see Section 2.1). The second 
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is a simplified 2-D model in which all problem variables are assumed to remain uniform 
along the length. The formulation includes pipe geometric cross sectional nonlinearities, 
contact, and nonlinear kinematic hardening plasticity based on the Tseng-Lee model (see 
Section 2.2). 
The two models were used to simulate all experiments in Kyriakides and Mok 
[1992] and were compared with the experiments. The following main conclusions can be 
drawn from this comparison. 
a. During each cycle, ovalization grows during winding, relaxes somewhat during 
unwinding and straightening, but a permanent residual ovality is left. 
b. Back tension, even at modest levels, causes a net elongation of the line each time it is 
plastically deformed by bending during the reeling/unreeling cycle. Thus, the line 
stretches during winding and once more during the unwinding and straightening. 
c. Both the 2-D and 3-D models reproduced the ovality and axial elongation induced at 
various levels of tension with good accuracy for the first and second cycles, while the 
results for the third cycle were generally overpredicted. 
d. The induced changes in sectional geometry and material properties both tend to 
increase significantly with increased back tension and accumulate with additional 
bending/straightening cycles. 
e. For the experiments of one reeling/unreeling cycle followed by external pressure 
loading, both numerical models are capable of predicting the collapse pressure with 
high accuracy. The collapse pressure was shown to decrease significantly with 
increased tension, which is primarily a result of the induced ovality. 
f. The axially uniform 2-D model is a highly efficient modeling tool that is adequate if 
the objective of modeling is to establish the cross sectional changes induced to the 
pipe by the reeling process and assess any degradation in its mechanical performance. 
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g. The 3-D model, although computationally expensive, can yield a more complete 
picture of the evolution of sectional geometry and other aspects of the problem, such 
as the role of back tension on line configuration, the interaction of the pipe with the 
reel through contact and for pipelines with variations in geometry or properties such 
as the problems considered in Chapter 4. Such issues can be essential in assessing the 
integrity of the pipeline during reeling. 
6.2 EFFECT OF GEOMETRIC AND MATERIAL DISCONTINUITIES ON THE REELING OF 
PIPELINES 
Discontinuities in mechanical properties and wall thickness of adjacent strings of 
pipe act as stress risers, lead to localized deformations, and can cause local buckling, 
collapse and rupture. The finite element model for simulating the reeling of a pipeline 
developed in Chapter 3 is extended to include a discontinuity in the pipeline. The model 
was used to assess the effect of discontinuities in wall thickness and material yield stress 
on the integrity of the pipeline. For a given pipe geometry, mechanical properties and reel 
radius, the variables of interest are the magnitude of the discontinuity and the tension 
applied to the line during winding and unwinding. Results from reeling/unreeling 
simulations using twelve-inch pipes with discontinuities of wall thickness and yield stress 
of various levels were performed for different levels of back tension. The following 
observations can be made and conclusions drawn from the results. 
a. Both material and wall thickness discontinuities cause a disturbance that affects a 
section of pipe a few diameters long. In the neighborhood of the discontinuity the 
curvature localizes which leads to a spike in strain and ovality. The extent of the 
disturbance is governed by the bending strain imposed by the ratio of pipe to reel 
diameter. 
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b. The extent of the disturbance can be reduced by an increase in the back tension. 
However, increase in tension has the down side of causing higher ovality in the 
pipeline and a corresponding reduction in its collapse pressure. 
c. The extent of the disturbance can also be reduced by an increase in the wall thickness 
of the pipe, with of course its additional cost downside. 
d. For some combinations of tension and magnitude of discontinuity, the pipe collapses 
locally during winding. Collapse is in the form of a bending-type, sharp inward kink. 
The deformation is severe enough to rupture the line on the reel or later during 
unwinding. In other cases, the pipeline survives the winding, but the local 
deformation caused by the discontinuity is severe enough that it buckles and collapses 
the pipeline as it straightens during unwinding. In such cases the buckle occurs on the 
side of the pipe that was tensioned during winding. 
In summary, the results of this study suggest that pipe discontinuities can be the 
cause of local collapse and rupture during a reeling installation process. Consequently, a 
modeling framework such as the one presented in this study should be used to generate a 
design protocol for a reel-installed pipeline project. Since failures can occur during 
reeling and unreeling, the complete history seen by a discontinuity should be considered 
in sensitive pipeline projects.    
6.3 REELING OF PIPE WITH LÜDERS BANDS 
This part of the study examined the behavior of a pipe that exhibits Lüders 
banding in the practical setting of a reeling operation. The reeling process was modeled 
with finite elements with a mesh that is fine enough to capture the evolution of Lüders 
banding that develops. Similar with the study of the behavior of such a pipe under pure 
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bending in Hallai and Kyriakides [2011b], an up-down-up stress-strain response over the 
extent of the Lüders deformation was adopted. 
Unlike in the case of pure bending where premature local collapse occurs for 
some combinations of Lüders strain and tube D/t, pipes with the same properties survived 
when reeled with applied back tension. For pure bending, the pipe collapses when the 
high curvature section develops to a certain length. For reeling, however, the zone of 
highest curvature is limited to a couple of tube diameters. This zone is in turn stabilized 
by the adjacent lower curvature zones, thus delaying buckling. The back tension and the 
contact with the surface of the reel have additional a stabilizing effects. Thus overall, pipe 
reeled under some level of back tension is much more stable than under pure bending. 
In reeling induced bending, Lüders banding produces inclined bands of localized 
deformation similar to those seen under pure bending. The bands are also organized in 
clusters but with distinctly different spatial distribution than that of pure bending. Now 
the clusters are separated by sections of pipe free of Lüders bands. For realistic pipe and 
reel geometries, the average bending strain imposed by the curvature of the reel is lower 
than the strain induced by Lüders banding. Accordingly, the clusters are separated by 
relatively undeformed sections so that the bending strain averages out to the value 
imposed by the reel. The applied tension introduces some differences between the 
deformation patterns that develop on the tensioned and compressed sides of the pipe. The 
bands on the compressed side are somewhat more diffuse and exhibit a more regular 
distribution along the length. It is further demonstrated that as a consequence of the 
spatially periodic distribution of bending deformation due to the clustering of Lüders 
bands, the ovalization develops axial undulations. Such undulations can act as 
imperfections in subsequent, particularly compressive loadings of the structure. 
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Reeling process factors that affect this type of Lüders banding were studied 
parametrically and the following observations can be made from the results: 
a. The extent of Lüders strain in the material plays a deciding role in the spatial 
distribution of the clusters of bands that develop and their strain intensity. Lüders 
strain that is smaller than the bending strain imposed by the reel results in nearly 
uniformly distributed plastic bending strain. Lüders strain that is of the order of the 
reel induced bending strain or larger results in increasingly more separated clusters of 
bands with larger local strains. 
b. Back tension influences the asymmetry between the banded deformation in the 
tensioned and compressed sides of the pipe. Lower tension makes the deformation 
more symmetric and larger tension increases the asymmetry. Concurrently, tension 
tends to increase the induced ovality, which in turn reduces the collapse pressure of 
reeled pipe. 
c. The reel radius, or more precisely the ratio of the pipe-to-reel diameter, dictates the 
induced bending strain and consequently influences the clustering and intensity of 
Lüders banding. 
d. Increasing the pipe wall thickness, or decreasing its D/t, does not influence 
significantly the clustering of deformation patterns but, as expected, reduces the 
induced ovality. 
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